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PROPOSITIONS 
1 Do not avoid doing something just because the gain seems small; do not go ahead 
and do something just because the harm seems marginal. 
2 Chinese people like eating at a round table, sharing a variety of delicious dishes and 
enjoying the excitement in a lively atmosphere. By contrast, Western restaurants pay 
special attention to solemnity and ambience. This style allows each person to enjoy 
their delicacies individually. 
3 The differences in energy intensity between countries are not in themselves evidence 
of economic efficiency or inefficiency in energy use (this dissertation). 
4 In Western society, you say 'thank you' when other people pay you a compliment 
According to Chinese custom, however, this was not considered a very modest reply, 
because saying 'thank you' would mean accepting the compliment 
5 Building up of and learning to have mutual trust during the course of global 
cooperation, especially but not exclusively between the North and the South, is as 
important as the cost-effectiveness and environmental effectiveness objectives. 
6 The high welfare in Northern and Western Europe is to some extent a result of the 
competition among candidates who try to win votes by offering more than their 
competitors. 
7 Just as the wealthy pay relatively more income tax for taking and utilizing more 
social resources, development assistance aid from wealthy countries can be well-
likened to a tax to pay to gain international footing. 
8 In addition to acting as a fire fighter in a lot of emergencies and in resolving 
conflicts, a good university president should realize his or her educational ideals and 
lead the university to a higher academic level, even in the situation of cuts in 
funding. 
9 Attitude towards historical tragedy should be,to hate the event not the people; to 
forgive but not to forget (Sinorama, Vol. 17, No. 5, 1992). 
10 "In economics, research is traditionally not a group activity. With a few exceptions, 
the economies of scale are of an intellectual rather than a material nature" (the 
Association of Universities in the Netherlands (VSNU), Quality Assessment of 
Research: Economics, 1995). 
11 The so-called Chen Yun's birdcage theory says that the 'bird' of the free market 
should be allowed to fly, but only within the 'cage' of the planned economy {The 
Economist, April 15th 1995). 
12 In Europe there is intense competition for a professorship at the entry level because 
in principle the chair is only for the best candidate, whereas in the United States the 
promotion will take place as long as the candidate has met a set of criteria estab-
lished by the department in which promotion is sought But the biggest difference is 
that in Europe the competitive pressure on an individual largely ceases once a 
professorship has been obtained, whereas in the United States the pressure continues 
(D.C. Mueller, American and European Economists, KyUos, Vol. 48, No. 2, 1995). 
13 "Marxian economics frequently gives the wrong answers but to important questions. 
Neoclassical economics, on the other hand, can give you very precise answers, but 
the questions themselves may or may not be important" (M. Parkin, Talking with 
Janos Kornai, Economics, Addison-Wesley Publishing Company, 1990). 
14 According to the prisoners' dilemma, 'go Dutch' is not the least costly way. 
15 To significantly eliminate rent-seeking opportunities in developing countries is an 
effective means of anti-corruption. 
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PREFACE 
My interest in and the choice of working on an economic analysis of energy and 
environmental policy are inspired by at least three factors. First, what impressed me 
when I arrived in Holland in 1989 was that, although I knew that the Netherlands had 
a good reputation in the environmental area, the Dutch political parties viewed 
climate change as one of the 1989 election issues. Second, Dutch economists have 
long been internationally renowned for their work. Third, systematic and comprehen-
sive research on the economy-energy-environment system and its interaction is still 
lacking in China. The first two factors mean that the Netherlands is an ideal place for 
doing research on environmental economics, while the third factor highlights the 
necessity of doing such research for China. This has motivated me to propose the 
project entitled 'Compatibility of C 0 2 Emission Reduction Targets with Long-term 
Economic Development in China'. The project has been funded by the Netherlands 
National Research Programme on Global Air Pollution and Climate Change (NOP) 
under contract NOP-852064, of which this Ph.D dissertation is the result. 
For the completion of the dissertation, I owe a great deal to various people. I 
am most indebted to Prof. Henk Folmer. His willingness to be my promoter pleasant-
ly surprised me since he served as the President of the European Association of 
Environmental and Resource Economists at the time I contacted him. His active 
involvement, insight comments and detailed criticisms at various stages of the 
research have contributed greatly to the successful completion of this dissertation. 
Moreover, he has given me the freedom necessary to develop my own style and 
perspective on the research. My sincere thanks are also due to my other promoter 
Prof. Paul van Beek. He has helped me to get my Ph.D research started in Wagenin-
gen. His detailed comments have made the presentation of mathematical formulas in 
Chapter 8 both clearer and more precise. 
I also benefitted from Prof. Ekko van Ierland. He has encouraged me to 
believe in myself and the project, participated in some of the regular discussion 
meetings, and carefully reviewed all the final manuscripts. 
I would like to express my thanks to Dr Jos Bruggink for his contribution to 
the draft project proposal at the time I was working at the Policy Studies Department 
of the Netherlands Energy Research Foundation (ECN). My thanks also go to Tom 
Kram at ECN for keeping me informed of the IEA-ETSAP activities. 
During the course of the research I have been fortunate to receive support, in 
one way or another, from my Chinese colleagues from the State Planning Commis-
sion, Ministry of Electric Power, Chinese Academy of Social Sciences, Chinese 
Academy of Sciences, and National Environmental Protection Agency. I especially 
wish to thank Prof. Hu Zhaoyi, Prof. Yao Yufang, Prof. Zhang Zhengmin, Prof. 
Tang Yuan, Prof. Li Weizheng, Prof. Deng Shuhui, and Prof. Ye Ruqui for arrang-
ing my field work in Beijing and for providing me with many scarce and otherwise 
unavailable data as well as with useful suggestions. 
I benefitted a great deal from discussions with Prof. Lars Bergman at the 
Stockholm School of Economics. He has helped me to interpret the calculation 
results. I would like to express my thanks to Prof. Alan Manne at the Stanford 
University for providing me with necessary information about GLOBAL 2100 for the 
purpose of model comparison. I am also grateful to Prof. Leen Hordijk, Prof. 
Catrinus Jepma (University of Groningen), Prof. Ekko van Ierland and Prof. Kees 
van Kooten (University of British Columbia at Vancouver) for their willingness to 
participate in the Ph.D examination committee. Furthermore, my special thanks are 
due to the Department of General Economics for its hospitality and for providing an 
ideal research environment. My gratitude also goes to Prof. Ruud Lubbers (Tilburg 
University) for providing useful comments and to Diny Dijkhuizen for correcting the 
English text and for helping with the Dutch summary. 
Financial support from the NOP is gratefully acknowledged. I would also like 
to express my thanks for a fellowship granted by the Landbouwuniversiteit Wageni-
ngen and the funding of another project provided by the Dutch Ministry of Housing, 
Spatial Planning and the Environment. The former has offered me the opportunity to 
propose the NOP project, while the latter has made it possible to finalize the disserta-
tion. 
Needless to say, I remain responsible for all the views expressed in this 
dissertation and any errors and omissions that may remain. 
Finally, as far as my family is concerned, I would like to thank my parents, 
brothers and sisters for encouraging me to take up the Ph.D research. I regret very 
much that my father has not been able to see the completion of this dissertation. I 
dedicate it to him. Furthermore, I would like to express my special thanks to my wife 
Li Guoxin, who quitted office at the Chinese Academy of Social Sciences in Beijing, 
for her enduring patience and affection during the long journey to completing my 
dissertation on economics. She made home hard to leave and good to return. 
ZhongXiang Zhang 
Wageningen, November 1995 
1 INTRODUCTION1 
1.1 Background and aims 
In recent years, there has been growing concern about global warming resulting 
from increased atmospheric concentrations of the so-called greenhouse gases and 
the resulting socioeconomic impacts. Although there are still uncertainties regard-
ing the magnitude, timing and regional patterns of climate change, there is a 
growing consensus in scientific and policy-making circles that climate change and 
instability, including a rise in global atmospheric temperatures, a change in 
frequency and severity of storms, shifts in precipitation patterns, and a rise in sea 
level, are most likely over the next century. 
The greenhouse gases (GHG) are carbon dioxide (C0 2 ) , chlorofluor-
ocarbons (CFCs), methane (CH 4), tropospheric ozone (0 3 ) and nitrous oxide 
(N 2 0) . The emissions of these GHG derive from a number of human activities, 
including energy production and use, non-energy industrial processes (primarily 
the production and use of CFCs), deforestation and agricultural practices. 
Estimations of the relative contributions to global warming between 1980 and 
2030 arising from these activities and GHGs are shown in Table 1.1, assuming 
that current trends are to continue. 
It can be seen that C 0 2 emissions alone contribute about half of the global 
warming over the next 40 years, and thus are the major cause of the greenhouse 
effect. CFCs are the other principal contributors. With respect to the protection 
of the stratospheric ozone layer, however, CFCs are subject to control and thus 
are expected to be phased out, although their effect will persist for a considerable 
time. This implies that the contribution of C 0 2 to global warming is likely to rise 
over the next decades with the phase-out of the CFCs (Nordhaus, 1991a). The 
CH 4 and N 2 0 emissions arise from a range of sources, and the relative import-
ance of these sources remain still uncertain. Moreover, it is generally thought 
that CH 4 and N 2 0 , particularly those emissions from agriculture, are difficult to 
measure. 
1 A large part of Section 1.2 has appeared in Greenhouse Issues of the 
International Energy Agency Greenhouse Gas R&D Programme (Zhang, 1996a). 
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Table 1.1 Estimated contributions to global warming by greenhouse gases and 
human activities between 1980 and 2030 
C02 CFCs CH4 0 3 N 2 0 % warming 
by sector 
Energy 35 - 4 6 4 49 
Deforestation 10 - 4 14 
Agriculture 3 - 8 - 2 13 
Industry 2 20 - 2 - 24 
% warming by gas 50 20 16 8 6 100 
Source: World Resources Institute (1990). 
When the contributions by the various sources of GHG are considered, 
energy production and use, with which all GHG with the exception of the CFCs 
are associated to a greater or lesser extent, are expected to contribute about half 
of the increased greenhouse effect, while deforestation and agriculture together 
contribute 25%, with industry being responsible for the remaining 25% (World 
Resources Institute, 1990). 
Given that carbon dioxide is the greatest contributor to global wanning 
and that the burning of fossil fuel is an important source of GHG emissions, a 
number of proposals have been put forward for the limitation of global GHG 
emissions, with C 0 2 , particularly the fossil-fuel related emissions, being set the 
main target. Recognizing the great difficulties in reducing C 0 2 emissions, for 
instance, the Toronto Conference on the Changing Atmosphere has called for 
only a 20% cut by 2005 and a 50% cut by 2025 in global C 0 2 emissions relative 
to their 1988 levels, although a 50-80% cut in global C 0 2 emissions is thought to 
be required to stabilize the atmospheric C 0 2 concentration (UNEP, 1988). 
At present the industrialized countries are responsible for the majority of 
global C 0 2 emissions, and must bear the major burden of the carbon reduction. 
This is why the UN Framework Convention on Climate Change at the Earth 
Summit in Rio de Janeiro commits industrialized countries Parties to cut down 
emissions of C 0 2 and other greenhouse gases to their 1990 levels by the year 
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2000 (Grubb and Koch et al., 1993). 2 This goal has become enshrined as the 
acid test of whether the industrialized world is serious about tackling global 
warming. Efforts by the industrialized countries, however, may well be over-
shadowed by increases in C 0 2 emissions from the developing countries because 
these countries are the fastest growing emissions sources. Looking at a shift in 
the pattern of regional contributions, North America and Western Europe, 
together accounting for 68% of total world emissions in 1950, represented only 
about 38% of the expanded total in 1987. By contrast, the portion attributable to 
China and other developing countries in Latin America, Africa and Southern Asia 
grew from just 7% to 28% of the world total during the corresponding period 
(Kats, 1990). This trend highlights the fact that the developing countries must be 
part of the solution. The dire prediction of future global C 0 2 emission increases 
cannot otherwise be avoided if the developing countries industrialize along the 
same path as the developed counterparts have done. 
Being a developing country, China is currently undergoing a significant 
transformation. This has led to spectacular growth of the Chinese economy, with 
an annual growth of about 9% for GNP during the period 1980-90. In the mean-
time, energy consumption rose from 602.75 Mtce (million tons of coal equival-
ent) in 1980 to 987.03 Mtce in 1990. The corresponding C 0 2 emissions grew 
from 358.60 MtC (million tons of carbon) to 586.87 MtC during the same period 
(Zhang, 1994b). This means that China ranks second in global C 0 2 emissions 
behind the U.S. if the Soviet emissions are distributed over the new independent 
republics. Under a business-as-usual scenario, China's contribution to global C 0 2 
emissions is estimated to rise from 11% in 1990 to 17% in 2050 and to 28% in 
2100 (Manne, 1992). Given that China's economic development depends mainly 
on its domestic market, its rapid growth may remain decoupled from the medium 
or slow growth for the rest of the world. This possibility, combined with 
industrialized countries succeeding in stabilizing their C 0 2 emissions, would 
make China's share in global C 0 2 emissions much larger than the above men-
2 The actual wording in the Convention is convoluted and deliberately 
ambiguous in key parts, owing to the refusal of the Bush Administration to accept 
clear legal obligations to emission targets in the treaty. See Grubb and Koch et 
al. (1993) for a short overview of that Convention. 
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tioned. Thus, advocates of controlling C 0 2 emissions call for substantial efforts 
in China. Indeed, given that China is the world's most populous country and 
largest coal producer and consumer, its coal-dominated energy structure and 
energy-and-carbon-intensive economy, its economic development and efforts to 
limit C 0 2 emissions are of great influence on future global C 0 2 emissions. 
Because of the global characteristics of climate change and China's 
potential importance as a source of C 0 2 emissions, there are global models, 
though relatively few, that cover various political-economic regions and treat 
China as a separate region. These models are of a wider regional scope and are 
thus able to give insight into the regional effects of a variety of international C 0 2 
agreements on international trade and welfare consequences, including impacts on 
China. However, they suffer from a lack of sectoral information, partly because 
of unavailability of data and computational problems. Combined with that the 
effectiveness of international agreements would eventually depend on decisions 
that reflect national priorities, this suggests that for countries with a large 
proportion of C 0 2 emissions like China, a country-specific model should be 
developed. The single-country (China) model should allow for a more detailed 
and reliable analysis than the existing global models in terms of sectoral scope 
and energy sources. We believe that such an analysis at national level is useful to 
broaden the picture painted by global models. It is also useful to serve as a check 
or even as a complement of the results obtained through global models. 
Against this background, the project 'Compatibility of C 0 2 Emission 
Reduction Targets with Long-term Economic Development in China' was initi-
ated. The purposes of this study were threefold: 
1) to provide an analysis of the Chinese energy system in order to shed 
light on its implications for China's future C 0 2 emissions; 
2) to provide a macroeconomic analysis of C 0 2 emission limits for China, 
using a newly-developed computable general equilibrium (CGE) model of the 
Chinese economy; and 
3) to provide a cost-effective analysis of carbon abatement options in 
China's electricity sector by means of a technology-oriented dynamic optimization 
model (Zhang, Folmer and Van Beek, 1994). 
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Through these analyses, the following important results could be obtained: 
the effects of C 0 2 emission limits for China at both sectoral and macroeconomic 
levels, the effects of recycling carbon tax revenues, the magnitude of carbon 
taxes across regions in order to achieve the same carbon reduction relative to the 
baseline, the levelized cost of generation and the marginal cost of C 0 2 reduction 
among power plants, and the impacts of compliance with C 0 2 limits in China's 
power industry. These results can contribute to forming national, cost-effective 
response strategies for climate change and a necessary basis for China's develop-
ment of joint implementation projects with other countries. 
1.2 Outline of the dissertation 
This study is the first systematic and comprehensive attempt to deal with the 
economic implications of carbon abatement for the Chinese economy in the light 
of the economics of climate change, of which this Ph.D dissertation is the result. 
The dissertation consists of nine chapters. Prior to analysing in detail the 
Chinese energy system and quantifying the economy-wide effects of limiting 
China's C 0 2 emissions, Chapter 2 first discusses some economic aspects of 
climate change, including the consequences of climate change, some damage 
estimates for a doubling of atmospheric C 0 2 concentration, strategies for respon-
ding to climate change, and policy instruments for the control of C 0 2 emissions. 
This in turn will serve as a good guide to pursuing the case study for C 0 2 
emissions in China. 
Chapter 3 deals with the analysis of the Chinese energy system in the C 0 2 
context. The issues covered include China's energy resources and their develop-
ment, the Chinese energy consumption patterns, the achievements and remaining 
problems in China's electricity sector, China's energy conservation in an interna-
tional perspective, the analysis of historical C 0 2 emissions in China, and environ-
mental challenges for the Chinese energy system. Examining these aspects of the 
Chinese energy system is not only to contribute to a better understanding of the 
Chinese energy system, but also to shed light on its implications for China's 
future C 0 2 emissions. 
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Chapter 4 is concerned with the alternative economic modelling 
approaches to cost estimates for limiting C 0 2 emissions. The approaches dis-
cussed include the ad hoc approach, dynamic optimization approach, input-output 
approach, macroeconomic approach, computable general equilibrium approach, 
and the hybrid approach. Without going into too much detail, this chapter gives 
an assessment of the relative strengths and weaknesses of these different econ-
omic modelling approaches. Its purpose is to illustrate how these different 
approaches are able to shed light on different aspects of cost estimates for the 
control of C 0 2 emissions and, at the same time, to show the theoretical rationale 
for choosing a computable general equilibrium approach for a macroeconomic 
analysis of C 0 2 emission limits for China and for linking a CGE model of the 
Chinese economy with a power planning model of China's electricity sector. 
For macroeconomic analysis of C 0 2 emission limits for China, a time-
recursive dynamic computable general equilibrium model of the Chinese economy 
has been designed and is described in Chapter 5. This CGE model operates by 
simulating the operation of markets for factors, products and foreign exchange, 
with equations specifying supply and demand behaviour across all markets. The 
model includes ten producing sectors and distinguishes four energy inputs. The 
model is made up of the following blocks: production and factors, prices, 
income, expenditures, investment and capital accumulation, foreign trade, energy 
and environment, welfare, and market clearing conditions and macroeconomic 
balances. Moreover, the CGE model, which is confined to the economic impacts 
of carbon emission limits, highlights the relationships between economic activity, 
energy consumption and C 0 2 emissions. Thus, the model makes it possible to 
analyse the Chinese economy-energy-environment system interactions simulta-
neously, at both sectoral and macroeconomic levels in general, and the economic 
impacts of limiting C 0 2 emissions in particular for this study. The model is also 
able to calculate the welfare impacts of carbon abatement policies. Furthermore, 
the CGE model incorporates an explicit tax system. This makes it suitable for 
estimating the 'double dividend' from the imposition of a carbon tax that is 
incorporated as a cost-effective means of limiting C 0 2 emissions. 
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Chapter 6 deals with the data requirements of the CGE model, the 
calibration of the model's parameters, and solution approaches. These issues are 
considered to be essential for empirical application of the CGE model. 
After the detailed description of the CGE model in Chapter 5 and some 
essential work done for empirical application of the model in Chapter 6, Chapter 
7 is devoted to analysing the economy-wide impacts of alternative carbon limits 
through counterfactual policy simulations. For this purpose, a business-as-usual 
scenario is first developed. Counterfactual policy simulations are then carried out 
to compute the macroeconomic implications of two alternative carbon limits 
relative to the business-as-usual scenario and to determine the efficiency improve-
ment of four indirect tax offset scenarios relative to the tax retention scenarios. 
Moreover, a comparison with other studies for China, including the well-known 
global studies based on GLOBAL 2100 and GREEN (Manne, 1992; Martins and 
Burniaux et al., 1993), is made in terms of both the baseline scenarios and the 
carbon constraint scenarios. 
Chapter 8 attempts to shed light on technological aspects of carbon 
abatement in China's power industry and is thus devoted to satisfying energy 
planning requirements. To that end, the chapter first describes the MARKAL 
model (Fishbone et al., 1983), from which our technology-oriented dynamic 
optimization model for power system expansion planning is adapted. This is 
followed by a description of 15 types of power plants in terms of their technical, 
economic and environmental characteristics, and by a comparison of these plants 
in terms of both the levelized cost of generation and the marginal cost of C 0 2 
reduction. Driven by the baseline electricity demands that are estimated by the 
CGE model, the model is then used to develop the business-as-usual scenario for 
China's electricity supply and to analyse the impacts of compliance with C 0 2 
limits in the power industry. 
Finally, Chapter 9 summarizes the conclusions of this study and points out 
some areas where there is a need for further methodological and empirical work 
to enrich the policy relevance of this study. 

2 SOME ECONOMIC ASPECTS OF CLIMATE CHANGE 1 
2.1 Introduction 
Prior to analysing the Chinese energy system in detail and quantifying the 
economy-wide effects of limiting China's C 0 2 emissions, I will first discuss some 
economic aspects of climate change in general. This in turn will serve as a good 
guide to pursuing the case study for C 0 2 emissions in China. Section 2.2 
describes the consequences of climate change. Sections 2.3 discusses some 
damage estimates for a doubling of atmospheric C 0 2 concentration. In Section 
2.4 strategies to respond to climate change are briefly touched upon, while 
alternative economic modelling approaches to cost estimates for limiting C 0 2 
emissions are assessed in Chapter 4. Section 2.5 gives an overview of policy 
instruments targeted at the control of C 0 2 emissions, including the command-and-
control approach, energy taxes, carbon taxes and tradeable carbon permits. In the 
overview, special attention is paid to the economic instruments. The chapter ends 
with some concluding remarks. 
2.2 Consequences of climate change 
Natural ecosystems are already stressed by the growth of population, industrial 
development, the need for agricultural land, and the unsustainable exploitation of 
natural resources. The resulting consequences include air and water pollution, 
deforestation, ground water withdrawal and soil erosion. On top of these environ-
mental stresses, global warming and associated climate change will bring the 
additional consequences. The combination of climate change with these stresses 
could be more dangerous than any one of them taken by itself (Ayres and Walter, 
1991). 
1 This chapter is to a large extent based on two papers published in Intere-
conomics (Review of International Trade and Development) (Zhang and Former, 
1995a) and in International Journal of Environment and Pollution (Zhang, 
1996b), the former in turn being a revised and expanded version of the paper in 
Energy & Environment (Zhang, 1994a). 
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The great bulk of the scientific work so far has focused on the conse-
quences of a doubling of the concentration of carbon dioxide equivalent trace 
gases from its pre-industrial level. 2 The majority of current General Circulation 
Models (GCMs) predict that an effective doubling of atmospheric C 0 2 concentra-
tion would lead to an average increase of atmospheric temperature ranging from 
1.5 °C to 4.5 °C (IPCC, 1990). The range of temperature change reflects the 
uncertainties, particularly with regard to the magnitudes of feedbacks associated 
with cloud cover, ocean-atmosphere interaction, convection, sea ice and transfer 
of heat and moisture from the land surface. The uncertainties are even greater in 
translating such a temperature change into climates and hence in forecasting the 
resulting consequences of climate change. Present knowledge is able to provide 
only the basis for developing scenarios that describe the kinds of changes that 
could occur. 
Agriculture is a sector most sensitive to climate change (Nordhaus, 1990, 
1991b). In agriculture, any effect depends on the change in temperature, precipi-
tation and soil moisture. Globally, precipitation would rise by 3-15% if there was 
a doubling of atmospheric C02-equivalent concentrations (IPCC, 1990). How-
ever, évapotranspiration would rise by the same amount. The net effect would 
vary between regions. Higher soil moisture is likely only in the high latitudes in 
winter, where growing seasons will be longer. In contrast, for northern mid-
latitude continents (the current grain belts), soil moisture in summer is expected 
to decrease. The fertilization function of higher levels of C 0 2 partially compen-
sates for lower yields in agriculture due to less soil moisture and greater heat 
stress. Worldwide, if atmospheric C02-equivalent concentration doubles, agricul-
tural effects are expected to be negative according to the central estimate by 
Cline (1992), which shows a loss of some 7% of world agricultural production. 
The breakdown of regional effects is as follows: average agricultural yields 
would decline by 20% in the United States and the European Community, 18% 
in Canada and 10% in China, but rise by 15% in Northern Europe (Cline, 1991; 
2 This is often labelled as the 2 x C 0 2 level. 2 x C 0 2 is a completely arbitrary 
benchmark, chosen solely for analytical convenience. It is neither a desired 
situation nor a steady state, and warming will continue (and in fact, will aggra-
vate) beyond the 2 x C Q 2 level (cf. Cline, 1992). 
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Cline, 1992). 3 Despite the large effects of doubling C 0 2 concentration on world 
agriculture, these effects are generally small when measured as a percentage of 
national income. As Table 2.2.1 shows, with the exception of China, no coun-
try/region is estimated to experience welfare losses greater than 1 % of GDP even 
under the high impact scenario considered, with the worldwide loss being about 
0.5% of world GDP. The relatively small macroeconomic impact is because 
agriculture accounts for only a small proportion of GDP in most economies -
3% in industrial market economies and 19% in developing economies in 1986 
(World Bank, 1988a). 
Increasing greenhouse gas concentrations are expected to cause (and have 
caused) a rise in global-mean sea level, partly due to oceanic thermal expansion 
and partly to the melting of land-based ice masses. Sea level rise thus is another 
source of greenhouse damage. Observations show that the average global sea 
levels have risen by 10-20 cm over the past 100 years. The IPCC estimates that, 
with business-as-usual, global warming induced by greenhouse gases (GHG) will 
accelerate this sea level rise, thus leading to an increase of 18 cm by 2030, 44 
cm by 2070 and 68 cm by the end of the next century (IPCC, 1990). This IPCC 
best estimate with business-as-usual represents an implied rate of rise that is 
about 3-10 times faster than the one experienced over the past 100 years. Even 
with substantial decreases in the emissions of major GHG, future increases in sea 
level are inevitable - a sea level rise 'commitment' - due to lags in the climate 
system (IPCC, 1990). 
Increased sea levels have straightforward impacts that include: inundation 
of low-lying areas and island nations; erosion and recession of sandy shorelines 
and wetlands; penetration of salt into drinking and agricultural water supplies; 
damage of infrastructure including harbours, coastal defence systems, roads and 
other infrastructure. The direct impacts, combined with their resulting 
socioeconomic consequences, are potentially dramatic, depending on the magni-
tude and rate of sea level rise. For instance, the IPCC (1991) estimates that a 1-
metre-rise of sea level could inundate 12-15% of Egypt's arable land and 14% of 
3 Chinese scientists think that the greenhouse effect would reduce China's 
agricultural output by at least 5% (Xia and Wei, 1994). 
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Bangladesh's net cropped area. Worldwide, a rise of 1 metre would eliminate 3% 
of the earth's land area, and a larger percentage of its crop areas if no adaptive 
measures were taken (Rosenberg et al., 1988). This impact will be significant in 
terms of the cost of protecting and defending coastlines. See the next section for 
the damage estimates for sea level rise. 
Table 2.2.1 The welfare effects of2xC02 on world agriculture under the high 
impact scenario (-: losses) 
Welfare change 
(millions $ 1986) 
As % of 
1986 GDP 
US -13027 -0.31 
Canada -738 -0.21 
European Community -13677 -0.40 
Rest of Europe -524 -0.10 
Japan -5614 -0.29 
Australia 75 0.04 
ex-USSR -10753 -0.52 
China -12374 -5.48 
Brazil 602 0.22 
Argentina 2223 2.82 
Pakistan 528 1.63 
Thailand 490 1.22 
Rest of the World -22513 -0.84 
World total -75302 -0.47 
Source: Kane et al. (1992). 
Global warming will increase energy demand for space cooling and 
conversely decrease demand for space heating. Global warming is also expected 
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to put stress on water supply. While some areas may have increased precipita-
tion, water runoff and river flow in many other areas would be likely to decline 
as a combined result of higher evaporation (due to warmer temperatures) and less 
precipitation. This will in turn jeopardize energy supply from hydropower gener-
ation and biomass, both major energy sources in a large number of developing 
countries. Rather than by climate change itself, the impact on energy will largely 
be determined by response strategies against global warming. Changes in patterns 
of energy generation and usage will have an impact on lifestyles and living 
patterns, particularly in the developed countries. 
Ecosystems on earth are also under threat from GHG-induced climate 
change. In the case of forestry, the southern boundaries of major forest-type 
zones and species would shift northwards by 600 to 700 km due to a doubling of 
C 0 2 concentrations (Cline, 1991). Assuming that forests could migrate not faster 
than 100 km per century (twice the known historic rate), this implies that there 
would be substantial forest loss and extinction of tree species. Climate change 
poses also a serious threat to natural terrestrial ecosystems; global biological 
diversity is expected to decrease and major vegetation zones would face severe 
disturbances and disruptions. The socioeconomic consequences of these impacts 
will be significant, particularly for those regions where societies and related 
economies are dependent on natural ecosystems for their welfare. 
Other impacts of global warming include increased morbidity and mortal-
ity during summers (with some offset in winters), increased incidence of some 
vector-borne diseases, increased air pollution, increased destruction from 
hurricanes, and thawing of permafrost with resulting damage to highways, 
railways and housing. See IPCC (1990) and Cline (1992) for a detailed dis-
cussion. 
2.3 Damage estimates for a doubling of C0 2 concentration 
If policymakers decide to pursue mitigation policies to slow down climate 
change, they will probably do so on the basis of anticipated benefits, namely, 
avoided damages from slowing down the rate of climate change through cutting 
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GHG emissions. This means that, prior to any government action, policymakers 
need the information on damages caused by climate change. 
So far, there have been some studies, though relatively few, that estimate 
the damages. These studies are based on the benchmark of a doubling of atmos-
pheric C 0 2 concentration from its pre-industrial level when estimating the dam-
ages. The pioneering study in this tradition is that of Nordhaus. In his study, 
Nordhaus (1991b) discusses preliminary order-of-magnitude estimates of damages 
resulting from a doubling of atmospheric C02-equivalent concentration. He 
begins with a breakdown of the U.S. gross national income by sector and 
subdivides it further into regimes of sensitivity to climate change. As Nordhaus 
shows about 3% of GNP in the United States originates in climate-sensitive 
sectors such as agriculture and forestry, and another 10% comes from moderately 
affected sectors — energy, water systems, property and construction —, while 
about 87%, the largest share, comes from sectors that are negligibly affected by 
climate change. The overall impacts of a doubling of C 0 2 concentrations on the 
United States are estimated as follows: 
- Damages in agriculture (offset by the C 0 2 fertilization effect) are esti-
mated at plus or minus $10 billion as an overall impact on all crops; 
- Annual damage from sea level rise is estimated at $5.29 billion, $1.55 
billion of which is from loss of land, $0.90 billion from protection of 
sheltered areas, and $2.84 billion from protection of open coasts; 
- Greenlobal ming is expected to increase annual electricity demand by 
$1.65 billion and reduce non-electric space heating by $1.16 billion. A net 
annual extra cost to the U.S. economy would be $0.49 billion. 
Adding the quantified cost items above, Nordhaus estimates that the net 
annual economic damage resulting from an equilibrium doubling of atmospheric 
CO requivalent concentrations would amount to $6.23 billion in 1981 U.S. 
dollars, with 92% of the total damage cost attributed to sea level rise and 8% to 
energy demand changes. This is equal to 0.26% of annual U.S. national income. 
Assuming that the composition of world income in 2050 is the same as U.S. 
income in 1981, Nordhaus extrapolates the U.S. damage 'snapshot' to global 
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annual damages in 2050 on the basis of the scaling ratio of the world income in 
2050 to the U.S. income in 1981, and estimates that the annual global economic 
loss is likely to be around one-quarter percent of total global income. Nordhaus 
admits that 'inadequately studied or inherently unquantifiable' effects may raise 
the total damage to 1 % of total global income, with an upper bound 'unlikely to 
be larger than 2% of total output'. 
Given the relatively large agricultural sectors in developing countries 
there, the damages can be expected to be more severe. Thus, many authors have 
questioned Nordhaus' claim that the estimates based on a developed country can 
be extended to the world as a whole (cf. Ayres and Walter, 1991; Van Ettinger 
et al, 1991; Grubb, 1993; Fankhauser, 1994). They suggest that the damages 
due to global climate change may be larger in dollar amount in the categories 
Nordhaus has monetized. Furthermore, the damages may be broader in their 
scope, potentially affecting numerous other categories that Nordhaus has neither 
provided dollar estimates for nor considered in a qualitative manner. 
A modification of Nordhaus' estimates on damage costs has first been 
made by Ayres and Walter (1991). With 92% of the total damage costs identified 
by Nordhaus attributed to sea level rise, Ayres and Walter place emphasis on the 
implications of this rise. Instead of just extrapolating from the U.S. data to the 
rest of the world as Nordhaus did, Ayres and Walter estimate the worldwide 
impacts of sea level rise in terms of assumptions about the lost land and land 
price; the environmental refugees from the lost land and resettlement costs; and 
the total coastline protected and the unit cost of protection. Thus, a revised set of 
economic impacts of increased sea level includes the value of lost land 
worldwide, the cost of resettling environmental (i.e. climate) refugees from the 
lost land, and the cost of protecting the coastline. Each of the cost items is 
quantified as follows: 
- Cost of protecting 0.5-1.0 million km of coastline: $2.5-5 trillion; 
- Cost of loss of 500 million hectares of vulnerable land along 0.5-1.0 
million km of coastline: $15 trillion; 
- Cost of resettling 100 million of refugees: $1.0 trillion. 
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Altogether, this adds up to $18.5-21 trillion for the world as a whole over 
50 years. Annualized, it comes to about 2.1-2.4% of gross world income. This 
revised damage cost is nearly 10 times that of Nordhaus's central estimate for 
total costs, and slightly above his upper bound. Thus, the revised outcomes, 
though open to question,4 imply that Nordhaus' analysis may underestimate the 
potential damages from climate change. 
Another direction of improvement of Nordhaus' back-of-the-envelope 
estimates on damage involves incorporating regional damage. The well-known 
study in this tradition is that of Fankhauser (1994). To give a flavour of the 
expected impacts, the detailed results of the Fankhauser study are presented in 
Table 2 .3 .1 . This study distinguishes six geopolitical regions and considers 
twelve damage categories. As Table 2.3.1 shows, the main sources of damage 
due to a doubling of C 0 2 concentration come from agriculture loss and loss from 
sea level rise, the latter of which includes coastal protection, dryland loss and 
wetland loss. Thus it should not come as a surprise that the emphasis in the 
damage discussion has so far been mainly on these two categories. Nevertheless, 
there are other effects which could be as important and deserve attention. They 
include impacts on the supply of water, on health, on ecosystems and on the 
energy sector. With respect to the regional impacts, the results in Table 2.3.1 
support the often expressed view that less developed regions will suffer more 
than their developed counterparts. Leaving the special case of the former USSR 
aside, the damage in the non-OECD regions is estimated to amount to 2.2% of 
their GNPs, some 60% higher than the OECD average.5 As can also be seen, 
China would be the region hardest hit. As shown in Table 2.3.1, the highest 
damage for China is mainly caused by agricultural loss. 
4 Ayres and Walter use uniform land price for the entitle world. Given that 
land prices vary a great deal across regions, this treatment is clearly unrealistic. 
Moreover, by considering both the cost of protecting against sea level rise and 
the cost of resettling climate refugees from coastal regions, Fankhauser (1994) 
comes to the conclusion that Ayres and Walter appear to count at least some of 
the sea level rise impacts twice. 
5 These figures are calculated based on the numbers given in Table 2.3.1. 
Table 2.3.1 Monetary estimates for 2 XC02 damage across regions (billions of US dollars)' 
Type of damage EU USA Ex-USSR China Non-OECD OECD World 
Agriculture 9.7 7.4 6.2 7.8 16.0 23.1 39.1 
Forestry 0.1 0.6 0.4 0.0 0.2 1.8 2.0 
Fisheryb - - - - - - -
Energy 7.0 6.9 -0.7 0.7 2.6 20.5 23.1 
Water 14.0 13.7 3.0 1.6 11.9 34.8 46.7 
Coastal protection 0.1 0.2 0.0 0.0 0.5 0.5 1.0 
Dryland loss 0.3 2.1 1.2 0.0 5.9 8.1 14.0 
Wetland loss 4.9 5.6 1.2 0.6 14.7 16.9 31.6 
Ecosystems loss 9.8 7.4 2.3 2.2 15.0 25.5 40.5 
Health/mortality 13.2 10.0 2.3 2.9 14.8 34.4 49.2 
Air pollution 3.5 6.4 2.1 0.2 3.5 11.9 15.4 
Migration 1.0 0.5 0.2 0.6 2.3 2.0 4.3 
Hurricanes 0.0 0.2 0.0 0.1 1.7 1.0 2.7 
TOTAL 63.6 61.0 18.2 16.7 89.1 180.5 269.6 
(% GNP) (1.4) (1.3) (0.7) (4.7) (1.6) (1.3) (1.4) 
a Negative numbers denote benefits ('negative damage'). 
b Fishery loss is included in wetland loss. 
Source: Fankhauser (1994). 
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Of all the studies discussed above, none of them provide anything better 
than a rough order of magnitude estimates of potential impacts. The inexact 
damage estimates are a result of the uncertainties about greenhouse effects and 
the difficulties in quantifying the damages avoided. Thus, in order to lower the 
range of error, far more work is urgently required on the magnitude, timing and 
regional effects of climate change, including the appropriate valuation of econ-
omic loss. 
2.4 Strategies for responding to climate change 
Faced with the likely threat of global warming society is, not surprisingly, being 
asked to take necessary measures in response. Given the great uncertainties 
surrounding the likely impacts, however, most countries are pursuing a wait-and-
see policy, i.e. 'do nothing' and await results of further research. This is likely 
to endure as long as there is no significant change in scientific consensus or no 
other political pressures arise relating to the greenhouse effect. Among the 
countries of this policy stance, we can, in fine tone, distinguish two types of 'do 
nothing' stance: the one of the North and the one of the South. The former is 
based on the view that fighting the greenhouse effect is too expensive and useless 
since the North is less vulnerable to the greenhouse effect, whereas the latter is 
based on the view that the South is not too much worried about the consequences 
of the greenhouse effect, and fighting it would unfairly hinder their development 
(cf. Schelling, 1992; Lipietz, 1995). Whatever 'do nothing' stances are, the 
downside of these policy stances is that the level of committed warming will have 
been increased and the damage cost burden may be much higher because of the 
delayed response (Turner et al., 1994). In contrast, it has been argued that we 
can probably not afford to wait until all of the uncertainties have been removed. 
The debate therefore tends to favour 'do something' strategies, because of the 
potentially serious consequences of climate change. 
To date, two main schools of thought have emerged on how to adopt 'do 
something' strategies: limitation and adaptation strategies (cf. IPCC, 1991). 
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The first school, with the aim at limiting, stopping or even reducing the 
growth of GHG concentrations in the atmosphere, has received the greatest public 
attention. This option is most relevant to policymakers because preventive 
measures must be taken today (Nordhaus, 1991b). Among the often proposed 
cheap preventive measures are energy conservation, phase-out of production of 
the CFCs, reforestation and 'getting prices right' to secure an efficient use of 
resources (Folmer, 1994). In addition to reducing C 0 2 emissions, implementing 
these measures would reduce other air pollutants, such as S 0 2 , NO x and particul-
ates, and traffic congestion, accidents, road damage and noise. The effects are 
often called the secondary benefits of carbon abatement (Ayres and Walter, 
1991). 6 Thus, proponents of 'no-regrets' policies argue that even if the green-
house effect turns out to be a non-event, little has been lost and a good deal may 
have been gained. 7 By contrast, those who do not believe in free lunch take the 
'regrets' stance. The 'regrets' policies attack greenhouse gas emissions directly 
through measures such as emission taxes or tradeable emission permit 
schemes. 8 They are called 'regrets' policies because the expected costs from 
emission abatement would not be justified unless there were going to be adverse 
impacts from the greenhouse effect (Treadwell et ah, 1994). 9 Empirical studies 
6 A preliminary study by Barker (1993) shows that the secondary benefits of 
UK carbon abatement would be of the same order of magnitude as the GDP loss 
from reducing C 0 2 emissions. This suggests that, for the UK, air quality 
improvements appear to be sufficient to justify carbon abatement measures, even 
excluding greenhouse considerations (Fankhauser, 1994). 
7 In addition to the secondary benefits, the 'no-regrets' actions also offer the 
prospective extra benefit of learning through experience, i.e. of gathering better 
information about benefits and costs of such actions. 
8 In the next section, these economic instruments will be discussed in great 
detail with respect to C 0 2 emissions. 
9 Chapters 4, 5 and 7 show how the economic impacts of combined 'regrets' 
and 'no-regrets' policies can be analysed by dynamic optimization models,, 
macroeconomic models and computable general equilibrium models, if the 
autonomous energy efficiency improvement (AEEI) is used as the proxy instru-
ment for a 'no-regrets' policy and the carbon tax as the instrument for a 'regrets' 
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show that the 'regrets' policies are very costly; relatively deep cutbacks come at 
a loss of 1-3% GDP (Cline, 1994). In view of the great uncertainties of climate 
change, Manne and Richels (1992) propose a 'hedging' strategy that treats the 
climate change problem as essentially binary -severe or mild- and takes limited 
action during an initial phase as a 'hedge' until scientific consensus emerges. 
Their model simulations show that the optimal amount of hedging will depend on 
the certainty with which we can count on scientific advance and on optimism or 
pessimism about future non-carbon or carbon-free backstop technologies. 1 0 
By contrast, the second school of thought favours adopting adaptation 
strategies, which are to adjust the environment or the ways it is used to reduce 
the consequences of a changing climate. It is believed that even if a very con-
certed effort were made today to implement limitation strategies, some adaptation 
would still be necessary because the climate might already be committed to a 
certain degree of change given a time lag between GHG emissions and conse-
quent climate change. Moreover, natural climate variability itself necessitates 
adaptation. 
Adaptation would include measures such as strengthening sea defence, 
changing cropping patterns, organizing population migration and increasing 
irrigation. It requires that any impact, such as a rise in sea level, should occur 
sufficiently slowly to allow orderly adjustment to take place. This implicit 
requirement might leave adaptation strategies potentially expensive and not 
without risks, either because the measures taken may in the event prove insuffi-
cient, or because overestimating future impacts would entail needless expendi-
tures. This, on the other hand, points out that limitation and adaptation strategies 
should be considered integrated packages complementing each other to minimize 
policy. 
1 0 Regarding energy supply, Nordhaus (1979) defines a backstop technology 
as an energy technology based on a resource for which there are no resource 
constraints. In an economy based on such an energy backstop technology, the 
economic importance of the scarcity of exhaustible energy resources disappears, 
and only capital and labor costs determine energy prices. 
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net costs (IPCC, 1991). The more GHG emissions are cut through the implemen-
tation of limitation strategies, the easier it will be to adapt to climate change. 
2.5 Setting targets and the choice of policy instruments for limiting C0 2 
emissions 
In the previous section, it has been pointed out that limitation strategies are of 
great policy relevance. If the preventive position were adopted, it seems thus 
logical to assume that policymakers would wish to pursue such strategies in the 
most cost-effective manner. How can this goal be achieved? For this purpose, I 
will discuss the often proposed policy instruments that may be used to control 
C 0 2 emissions, including the command-and-control approach, energy taxes, 
carbon taxes and tradeable carbon permits.1 1 Moreover, in discussing these 
policy instruments, special attention is paid to the economic instruments. 
The rest of the section proceeds as follows. Section 2.5.1 points out why 
the targets for emission reductions need to be predefined. In Section 2.5.2, the 
differences between energy taxes and carbon taxes are discussed briefly and some 
main findings arising from those studies on carbon taxes are presented. Section 
2.5.3 focuses on some aspects of domestic carbon tax design and incidence. The 
allocations of emission permits (or reimbursement of carbon tax revenues) are the 
subject of Section 2.5.4. Section 2.5.5 gives a brief comparison of carbon taxes 
with tradeable carbon permits. 
1 1 The dominance of C 0 2 contribution to global warming suggests that C 0 2 
must be the main target in any attempt to limit GHG emissions. For this reason, I 
limit myself to the problems of controlling C 0 2 emissions when discussing policy 
instruments. But it should be emphasized that including not just C 0 2 emissions 
but also other greenhouse gases will induce more effective options for greenhouse 
gas control, but certainly complicate the discussion. In that case, instead of C 0 2 
emissions, a multiplication index such as the Global Warming Potential as 
proposed by the IPCC (Houghton et ah, 1990) would have to be used. See, for 
example, OECD (1991, 1992) for a further discussion. 
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2.5.1 Setting targets: a separate approach 
Before dealing with policy instruments targeted at the control of C 0 2 emissions, I 
will discuss briefly why targets for emission reductions need to be predefined. 
According to the conventional theory of environmental economics, there is 
no need to set the targets for emission reductions beforehand when the associated 
externalities are internalized (cf. Baumol and Oates, 1988). The optimal emission 
level is achieved when the point is reached at which the marginal cost of reducing 
emissions is the same as the marginal cost of the damages. As long as the so-
called Pigouvian tax is set equal to the marginal cost of the damages, its imple-
mentation automatically leads to the optimal situation. This means that the 
process of internalization itself co-determines the target. However, this principle 
works better for conventional environmental problems than for those problems 
with international and intertemporal dimensions (e.g. acid rain, ozone layer 
depletion and climate change), an essential feature of which is the absence of an 
institution with the international jurisdiction to enforce policy (cf. Folmer et ah, 
1993). This also has consequences for the formulation of policy, including the 
revelation of costs and benefits (cf. Barrett, 1990). 
Given the characteristics of these problems, we need to reconsider a 
separate approach that was first proposed by Baumol and Oates (1971; also 
1988): setting emission reduction targets first and then selecting instruments to 
achieve these targets at the least cost. Compared with the conventional approach 
where the optimal solution is sought, effectiveness is the goal for the Baumol-
Oates case in which there is nothing indicating that the level of emission reduc-
tion achieved by the separate approach is either the economic or even the 
environmental optimum (cf. Baumol and Oates, 1971 and 1988; Faucheux and 
Noel, 1991). 
It has been observed that the two most important international agreements 
on limiting emissions of atmospheric pollutants - the 1987 Montreal Protocol on 
Substances that Deplete the Ozone Layer and European Community's Large 
Combustion Plant (LCP) Directive to limit acid emissions - have been formulated 
in this way. The Montreal Protocol, in its original form, calls for a 50% reduc-
tion in CFC emissions by the signatory countries by 1999, with a grace period of 
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ten years for developing countries (cf. Enders and Porges, 1992). 1 2 The LCP 
Directive incorporates a complex formulation of S 0 2 and NO x reduction levels 
for three target dates, with different elements of backdating for each member 
country (cf. Haigh, 1989). 
With the conclusion of these two major agreements based on percentage 
reduction targets for gaseous emissions, it is not surprising that calls for limiting 
C 0 2 emissions have focused on a similar strategy. The Toronto Conference has 
recommended a 20% reduction by 2005 and a 50% reduction by 2025 in global 
C 0 2 emissions relative to the 1988 levels, with an initial goal set for a 20% cut 
by 2005 in the industrialized countries (UNEP, 1988). 
The acceptable reduction targets can be set by scientific expertise or 
international agreement. Whatever the acceptable carbon reduction target that is 
eventually set, the remaining issue is how it is to be achieved. In this regard, 
there are four alternative policy instruments: the command-and-control 
approach;13 energy taxes; carbon taxes; and tradeable carbon permits. 
With regard to the global warming problems, especially in the C 0 2 
context, a number of recent studies discuss market-based instruments or economic 
incentive instruments, namely energy taxes, carbon taxes and tradeable carbon 
emission permits. It is argued that these economic instruments to limit C 0 2 
emissions can achieve the same target at lower costs as compared with the 
conventional command-and-control regulations. Moreover, the economic instru-
ments can act as a continuous incentive to search for a cleaner technology, while, 
for the command-and-control regulations, there is no incentive for the polluters to 
go beyond the standards, unless the standards are continually revised and set 
slightly above the best available technologies (Tietenberg, 1992). Therefore, the 
economic instruments have a technology-forcing characteristic. Some evidence 
1 2 The Protocol has since been amended and strengthened in a number of 
aspects. 
1 3 In the international C 0 2 context, this approach includes the widely-dis-
cussed uniform percentage reductions in emissions by all participating countries. 
In this case, individual countries would be left to reduce their C 0 2 emissions by 
traditional command-and-control regulations, tradeable carbon emission permits 
for domestic sources, or domestic carbon taxes. 
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shows that this dynamic efficiency aspect of economic instruments is important 
(Tietenberg, 1990). In the C 0 2 context, the dynamic efficiency takes on extra 
dimension because, unlike sulphur, C 0 2 is difficult to dispose of, even if it is 
removed from stack gases, and incentives to develop disposal technologies are 
therefore of particular relevance (Pearce, 1991). 
In the following sections, the discussion is restricted to the economic 
instruments in the C 0 2 context, namely energy taxes, carbon taxes and tradeable 
carbon emission permits. 
2.5.2 Energy taxes versus carbon taxes 
An energy tax is an excise tax, which is defined as a fixed absolute amount of 
e.g. US$ per Terajoule. It is a tax imposed on both fossil fuels and carbon free 
energy sources according to their energy (or heat) contents, with renewables 
usually being exempt. By contrast, a carbon tax (an excise tax that is imposed 
according to the carbon content of fossil fuels) is restricted to carbon-based fuels. 
Given that oil and gas have greater heat contents for a given amount of C 0 2 
emissions as compared with coal, an energy tax lies more heavily on oil and gas 
than a carbon tax. Moreover, an energy tax burdens nuclear energy, which, with 
the exception of hydropower, provides the only so far proven method for 
enormous potential for the large-scale generation of electricity without a directly 
parallel production of C 0 2 emissions. 
If the goal is to reduce C 0 2 emissions, a carbon tax is preferred on 
grounds of cost-effectiveness, given that a carbon tax is able to equalize the 
marginal cost of C 0 2 abatement across fuels and therefore satisfies the condition 
for minimizing the cost of reducing C 0 2 emissions. This implies that an energy 
tax (if introduced) will lead to poor target achievement or else to unnecessarily 
high costs as compared with a carbon tax (cf. Kageson, 1991; Cline, 1992; 
Manne and Richels, 1993; Jorgenson and Wilcoxen, 1993b). This can be 
explained by two factors: price-induced energy conservation and fuel switching 
(Manne and Richels, 1993). Carbon taxes reduce C 0 2 emissions through both 
their price mechanism effects on energy consumption and fuel choice. By 
contrast, since the energy tax is imposed on both fossil fuels and nuclear energy, 
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the incentive for fuel switching will be reduced, and the reductions in C 0 2 
emissions will be mainly achieved by price-induced energy conservation. Thus a 
higher tax is required for achieving the same reduction target as compared with 
the carbon taxes. Put another way, for the economy in question it is more costly 
to reduce C 0 2 emissions through an energy tax than through a carbon tax. This 
has clearly been shown by the study of Manne and Richels (1993), which 
evaluates the implications of the CEC proposal for a mixed carbon and energy 
tax. 1 4 Similar findings are also shown by the studies of Jorgenson and Wilcoxen 
(1993b) and Beausejour et al. (1995). The results of Jorgenson and Wilcoxen 
suggest that in 2020 the U.S. GNP loss from an energy tax is 20% greater than 
that from a carbon tax in order to stabilize the US C 0 2 emissions at 1990 levels 
in the year 2020. The results of Beausejour et al. indicate that in 2000 Canada's 
GDP loss from an energy tax is 20 % greater than that from a carbon tax in order 
to stabilize Canada's C 0 2 emissions at 1990 levels in the year 2000. While being 
the more cost-effective of the tax instruments considered, the carbon tax is also 
less burdensome in that it raises a smaller amount of government revenues for a 
given reduction of C 0 2 emissions (Jorgenson and Wilcoxen, 1993b; Beausejour et 
al., 1995). 
Let us now turn to the carbon tax. So far, a number of studies have 
focused on the cost estimates for achieving a given reduction in C 0 2 emissions. 
These studies usually incorporate a carbon tax as a method to achieve the target 
because of its effectiveness. The main findings arising from these studies (cf. 
Whalley, 1991; Whalley and Wigle, 1991a, 1991b; Martin et al., 1992; Hoeller 
and Coppel, 1992; Piggott et al., 1992; Pezzey, 1992; Walker and Birol, 1992; 
1 4 Recognizing that a carbon tax puts a relatively high pressure on coal, the 
most secure energy supply, and that both a carbon tax and an energy tax have a 
quite different impact on member states, a carbon/energy tax has been proposed 
by the Commission of the European Communities (CEC) as part of its compre-
hensive strategy to control C 0 2 emissions and increase energy efficiency. The 
CEC proposal is that member states introduce a carbon/energy tax of US$ 3 per 
barrel oil equivalent in 1993, rising in real terms by US$ 1 a year to US$ 10 per 
barrel in 2000. After the year 2000 the tax rate will remain at US$ 10 per barrel 
in 1993 prices. The tax rates are allocated across fuels, with 50% based on 
carbon content and 50% on energy content (cf. CEC, 1991). 
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Manne and Richels, 1991a, 1993; Felder and Rutherford, 1993; Kverndokk, 
1993; Jorgenson and Wilcoxen, 1993a, 1993b; Martins et al, 1993; OECD, 
1993b; Poterba, 1993; Manne, 1994) are that, among other things, 
• the carbon tax should increase over time if it is to reflect the rising cost 
of damage from the accumulation of C 0 2 concentration in the atmosphere, if it is 
to give the markets the signal that C 0 2 emissions will eventually be heavily 
taxed, and if there are few economically feasible substitutes available; 
• there would be significant variation in timing and size of the carbon 
taxes among countries and regions, given that the marginal cost of abating C 0 2 
emissions substantially differs across countries and over time; 
• the carbon tax could be production- or consumption-based, but the 
effects across options would be significantly different among countries. A 
national production-based carbon tax operates much like an export tax. If applied, 
oil-exporting countries such as OPEC would gain substantially, but in the case of 
a national consumption-based tax, they would suffer considerably; 
• the carbon taxes imposed unilaterally or even regionally would be 
largely ineffective. This ineffectiveness is attributed partly to a relatively small 
share of the coalition (e.g. EU, OECD) emissions in the world total and partly to 
strong economic growth and the resulting increase in emissions taking place in 
non-coalition countries that offset the coalition's achievements;15 
• the autonomous (i.e. non-price-induced) energy efficiency improvement, 
the possibilities for fuel substitution, and the availability of backstop technologies 
are essential. Without non-fossil fuel options, the upper bound on the required 
carbon tax would rise. Moreover, the autonomous energy efficiency improve-
ment, and the cost and availability of low-carbon or carbon-free backstop technol-
1 5 This phenomenon is the so-called carbon leakage, with its average leakage 
rate being defined as the ratio of carbon emission increase outside the coalition to 
carbon emission cutbacks within the coalition relative to their reference levels (cf. 
Felder and Rutherford, 1993). 
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ogies are crucial to limiting the tax level required16 and thus reducing the costs 
incurred for compliance with emission reduction targets; and 
• the carbon tax itself would impose a deadweight loss on a country 
where there are no distortions in the energy markets. But when existing distor-
tions arising from energy subsidies are taken into account or when the revenues 
generated from the imposition of a carbon tax are recycled to the economy for 
replacing another indirect tax, the introduction of a carbon tax could even lead to 
a net gain. 
I will not go into these interesting topics any further, but instead focus on 
three aspects that are considered important when designing a domestic carbon 
tax. 
2.5.3 Three aspects of domestic carbon tax design and incidence 
The three aspects to be addressed are: (i) the treatment of the carbon tax rev-
enues, (ii) the impacts on the distribution of income, and (iii) the effects on 
international competitiveness. 
I begin with the treatment of the carbon tax revenues. It has been argued 
that there is a 'double dividend' from the carbon tax (Pearce, 1991): 1 7 not only 
environmental dividend through reduced emissions of pollutants but also non-
environmental dividend in terms of a reduction in the overall economic cost of 
1 6 The effectiveness of a carbon tax is likely to be much more limited if there 
are few economically feasible substitutes available. Thus, to lower C 0 2 emissions 
very substantially would require a high carbon tax - certainly higher than the 
taxes already imposed (Barrett, 1991). 
1 7 In the recent study of Goulder (1994), the weak 'double dividend' and the 
strong 'double dividend' are distinguished. The weak 'double dividend' proposi-
tion states that in welfare terms the non-environmental dividend is always positive 
as a reduction in distortionary taxes is always superior to a reduction of lump-
sum taxes. In the strong 'double dividend' proposition, it is stated that the non-
environmental dividend is larger than the gross costs. If the strong claim held, it 
would reduce the amount of information that policy analysts need to make a 
benefit-cost case for green tax swaps. See Goulder (1994) for further discussion. 
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raising government revenues (Lee and Misiolek, 1986). 1 8 This 'double dividend' 
feature of a carbon tax has important implications for 'green tax swaps' for 
distortionary taxes, because different taxes have different distortionary effects on 
the economy. If the objective of a carbon tax is to reduce consumption of carbon-
based energy products through reallocating spending away from C0 2-emitting 
activities and thus slow down (or even stabilize) the build-up of atmospheric C 0 2 
concentration rather than for macroeconomic management, the carbon tax is in 
essence an incentive tax rather than a revenue raising tax. In macroeconomic 
terms it seems therefore appropriate that revenues raised through an increase in 
one indirect tax (a carbon tax) could be offset by a reduction of another indirect 
tax e.g. value added tax (VAT) so as to m i n i m i z e the effect on the general level 
of prices. 1 9 This has been confirmed by the studies of DRI (1991), Standaert 
(1992), Walker and Birol (1992), and Barker et al. (1993), the results of which 
show that reducing VAT offsets the carbon tax's inflation more than reducing 
other taxes. The studies of Karadeloglou (1992) and Standaert (1992) also show 
that the effects in the case of reducing VAT on both GDP and employment are 
less negative than those in other tax offset cases (see Table 4 .2) . 2 0 Another 
measure used to recycle all revenues from the carbon tax to the economy is by 
means of reducing income tax. If this is adopted, inflation is likely to increase, 
although the extent of acceleration depends on the character of wage negotiations 
for increases in disposable income resulting from the reduction in income tax. 
This higher inflationary response has been found in the modelling of the effects 
1 8 The non-environmental dividend is very often interpreted as using the extra 
carbon tax revenues to reduce existing distortionary taxes for raising government 
revenues. This dividend can of course have other interpretations. In the study of 
Bovenberg (1994), for instance, reduced unemployment is referred to as the 
potential extra dividend in addition to improved environmental quality. 
1 9 A carbon tax, by raising the prices of fossil fuels, will raise the general 
level of prices. Offsetting it with reductions in VAT or other taxes tends to lower 
the price level, but the price effect is expected to vary, depending on the tax 
offset arrangements. 
2 0 See Section 7.4 for analysing the economic impact of carbon taxes for 
China under the four indirect tax offset scenarios. 
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of the CEC tax (cf. DRI, 1991; Karadeloglou, 1992; Standaert, 1992; Barker et 
al., 1993). Alternatively, if the carbon tax revenues are retained in treasury 
coffers to reduce public sector deficits, then this will depress the economy, 
certainly in the short term. If the revenues are all spent by the government, for 
example on non-fossil energy investment, this would imply a large investment 
programme which could lead to macroeconomic imbalance and rapid inflation 
(Barker et al, 1993). 
The second aspect of a domestic carbon tax is its impact on the distribu-
tion of income. A carbon tax would have a regressive impact on the distribution 
of income since lower income households spend a larger proportion of their 
income on energy than higher income households. Smith (1992) calculates the 
distributional effects of a mixed carbon and energy tax at $10 per barrel in the 
UK on different income groups. The results show that the poorest 20% of the 
population would have to pay an additional tax of £1.45 per week, the richest 
20% an additional £2.95 per week, and the average household an additional 
£2.21 per week. Translated into increases of tax paid as a percentage of total 
spending, these figures are equivalent to 2.4%, 0.8% and 1.4% respectively. 
Clearly the relative burden of the additional tax would be heavier for the poorest 
decile, and lower for the richest. This highlights the fact that unless low income 
groups are to be made worse off by the carbon tax, a large part of the revenues 
from the tax will need to be used to compensate poorer households suffering 
from the tax, through tax reductions and increases in social security benefits and 
pensions to provide roughly uniform amounts in compensation for each house-
hold. Unfortunately, using the carbon tax revenues in this way will reduce the 
scope for the revenues to be used to maximize the efficiency gains from reduc-
tions in other existing distortionary taxes e.g. VAT described above (cf. Smith, 
1992; Barker, 1992; Pearce, 1991). Thus there is a clear trade-off between 
efficiency and equity in the use of the revenues: the efficiency gains can only be 
achieved by sacrificing the distributional neutrality of the package (Smith, 1992). 
The findings above are typically shown in the studies for the industrialized 
countries. Shah and Larsen (1992) argue that such findings cannot be generalized 
for the developing countries, where the incidence of carbon taxes would be 
affected by institutional factors. Among some important factors that may have a 
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bearing on the tax-shifting are market power, price controls, import quotas, 
rationed foreign exchange, the presence of black markets and tax evasion and 
urban-rural migration (see Shah and Larsen (1992) for a further discussion). 
Now I will consider the third and last aspect, namely the effects on 
international competitiveness. A domestic carbon tax has important implications 
for the international competitiveness of economies in relative terms. Although 
international competitiveness is not necessarily reduced over the long term by 
higher energy prices, in certain industries, the effects of introducing a unilateral 
carbon tax may be serious in the short term. Exemptions from the new taxes are 
therefore suggested to protect the price competitiveness of these industries in 
international trade. For example, the CEC proposal (CEC, 1991) provides for 
exemptions for the six energy-intensive industries, such as iron and steel, non-
ferrous metals, chemicals, cement, glass, and pulp and paper. As discussed 
earlier, a carbon tax is intended to fall most heavily on the products of carbon-
intensive industries. Clearly, the exclusion of these industries from coverage of 
the carbon tax on grounds of competitiveness reduces the effectiveness of the 
carbon tax in achieving its objective of reducing C 0 2 emissions, 2 1 while it does 
mean that the EC industries most vulnerable to competition are protected in their 
markets. The ineffectiveness of the EC unilateral action suggests that at least 
similar actions in competitor countries, especially in the United States and Japan, 
should be taken (or some more general OECD-wide tax should be adopted), 
although carbon taxes need to be imposed globally in order to achieve sufficient 
reductions in C 0 2 emissions. 
So far this discussion has been restricted to domestic carbon tax. It has 
been argued that even if domestic emission reduction targets are achieved in cost-
2 1 In addition to this limitation, there are two more problems. The first is that 
the industries which are exempt from paying the CEC tax will improve their 
competitive position in relation to those industries which are not. There will 
therefore be some switching of demand towards the products of these energy-
intensive industries, which is precisely the reaction that such a tax should avoid. 
The other problem is that firms which find themselves paying the tax will try to 
be reclassified as exempt or eligible for rebates if at all possible, thus limiting the 
impact of the tax on energy consumption and C 0 2 emissions (cf. Barker et al., 
1993). 
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efficient ways, for example through a domestic carbon tax, a global cost-efficient 
emission reduction target can only be achieved if C 0 2 emissions are distributed 
among countries in such a way that the marginal cost of abatement is equalized 
among countries (cf. Hoel, 1991, 1992). This global cost efficiency may be 
achieved through either an international carbon tax or a tradeable carbon emission 
permits regime. The remainder of this section will deal briefly with the former, 
while the latter will be left to be discussed in the next section. 
Hoel (1991) has shown that a tax administrated and collected by an 
international agency is too bureaucratic and would interfere with domestic 
sovereignty, while a tax implemented by each government would fall foul of free 
rider problems, since governments could easily offset a carbon tax by reducing 
other domestic taxes on fossil fuels. Therefore, the way out has to be one in 
which the carbon tax should be globally imposed on each country by some 
international agency but nationally administrated and collected through its central 
government (cf. Hoel, 1991). The carbon tax is set to be the same for each 
country. The revenues from the tax are then reimbursed; handed back to the 
countries where the revenues are raised according to some agreed rule of alloca-
tion. Each country would then act to minimize the sum of its tax payments and 
abatement costs. How, then, should the tax revenues be reimbursed? This is 
equivalent to the determination of the initial permits under a regime of tradeable 
carbon emission permits. 2 2 The issue is to be discussed in the next two sections. 
2.5.4 Tradeable carbon emission permits 
An alternative to an international carbon tax is a regime of tradeable carbon 
permits, which, allows the permit holders to trade or sell their entitlements to 
other countries (Pearce, 1990; Hoel, 1991). As long as marginal cost of reducing 
C 0 2 emissions differs among countries, countries have an incentive to trade 
2 2 A carbon tax regime, in which total C 0 2 emissions are equal to X and tax 
reimbursements to the n participating countries are proportional to the vector (a,, 
a2 a^ with E,- a , = l , is equivalent to a regime of tradeable carbon permits, in 
which the initial permits allocated to the n participating countries are (a^., 
a 2X,...,a„X). See Hoel (1991) for further discussion. 
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permits with the market price of C 0 2 permits being equal to the marginal cost of 
abatement, and make net gains. The process continues until the marginal cost of 
reducing C 0 2 emissions is just equalized across countries, thus inducing a cost-
efficient distribution of C 0 2 emissions. 
Once an international emission budget is set, the question then arises how 
to allocate the initial emission permits to each participating country.2 3 The 
obvious rules are based on both the cost of reducing C 0 2 emissions and the 
consequences of climate change. The rules could be applied if the cost of 
abatement and the consequences of climate change were common knowledge 
(Hoel, 1991). However, this is not the case. 2 4 In practice, these costs cannot be 
measured objectively with any precision, and there are still uncertainties regard-
ing the magnitude, timing and regional effects of climate change. For this reason, 
the allocation of permits would in practice have to be based on relatively straight-
forward rules. In the C 0 2 context, the rules based on uniform percentage 
reduction, historical C 0 2 emissions (a grandfathering approach), current GNP (or 
GDP), and population, among other rules, have been suggested (cf. Grubb, 1989; 
Pearce, 1990; Rose, 1990; Manne and Richels, 1991b; Hoel, 1991; Cline, 1992; 
Kverndokk, 1993; Welsch, 1993; Rose and Stevens, 1993; Larsen and Shah, 
23 Ceteris Paribus entitlements defined in terms of emissions would be 
preferred; this would produce the most cost-effective outcome. With an emissions 
target, the tendency of the market to seek the least cost means of control would 
be focused on reducing emissions, which, of course, is the objective (see Bohm 
(1993) for further discussion). 
2 4 The cost of reducing C 0 2 emissions differs significantly across countries, 
depending on among other factors economic structure, products, mix, fuel mix, 
current efficiency of energy use, and availability of backstop technologies. 
Moreover, given the huge uncertainties surrounding the magnitude, timing and 
regional effects of climate change, any estimate for the consequences of climate 
change for different countries must be speculative. Thus, if the allocation of 
initial permits were based on the rules, it would be in each country's interest to 
claim that it found reducing C 0 2 emissions burdensome and climate change not 
very harmful. The negotiation process would be extremely difficult and it is 
doubtful whether any agreement would be reached (Hoel, 1991). This does not of 
course mean that there would be no difficulty of allocating the initial permits 
according to other rules, which are discussed below. 
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1994). The diversity of these allocation rules, each of which is discussed below, 
reflects the lack of consensus on a 'best' equity principle. 
A uniform percentage reduction offers the operational advantage because 
it focuses on easily observable physical burden-sharing (Welsch, 1993). It is for 
this reason that international environmental agreements often take the form of a 
uniform percentage reduction. An example is the 1985 Helsinki Protocol on the 
Reduction of Sulphur Emissions or Their Transboundary Fluxes by at least 30% 
(cf. Shaw, 1993). 2 5 In the C 0 2 context, the rule ignoring the past build-up and 
simply basing reduction requirements on current emissions would be equivalent to 
penalizing developing countries for their economic development when no such 
penalty was imposed on industrialized countries for their abusing of the global 
commons in the course of their industrialization (Rose and Stevens, 1993). 
Therefore it at least seems conceivable that the rule would not be accepted by the 
developing countries. Moreover, it has been argued that the rule based on 
uniform percentage reductions is inefficient in the sense that the same goal could 
be achieved at lower costs through the rule that equalizes the marginal cost of 
abatement among all participating countries (cf. Hoel, 1992). 
Using the grandfathering of permits, which is based on past C 0 2 emission 
levels, or current GNP as a base would minimize the disruption of current 
production. However, using either rule as a base would favour the developed 
2 5 Because of great concern about the long-range transboundary flow of 
sulphur and nitrogen oxides and the resulting regional-scale environmental 
damages (such as acidification of soil and fresh water and damage to vegetation), 
at a ministers' meeting in Ottawa, Canada, in March 1984, 10 nations volun-
teered to reduce emissions of sulphur dioxide by 30% by 1993 relative to their 
1980 levels. This group of nations was referred to unofficially as the '30 Percent 
Club'. By June 1984 membership in the '30 Percent Club' had increased to 18 
nations. In July 1985 in Helsinki, Finland, a protocol to reduce sulphur dioxide 
emissions or transboundary fluxes by at least 30% was signed by 21 nations. 
Among the nations that did not sign the protocol were two of Europe's largest 
emitters: the United Kingdom and Poland. The former did not sign because, in its 
opinion, insufficient credit was given in the protocol for past emission reductions 
and because of the arbitrary choice of the base year (1980), whereas the latter did 
not sign because of its lack of technologies and equipment to control sulphur 
emissions (Shaw, 1993). 
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countries and does little or nothing to create incentives for the developing coun-
tries to cooperate. Moreover, there are some nasty wrinkles associated with 
adjusting the initial permits: Should an energy-efficient country such as Japan be 
rewarded with additional permits? Should a country that relies on nuclear power 
and therefore is a small emitter such as France get extra permits? Should Brazil, 
whose copious forests absorb carbon dioxide, be rewarded for that (Sun, 1990)? 
Also, should countries that have unilaterally cut down their C 0 2 emissions long 
before any C 0 2 agreement be rewarded for that, where they would otherwise be 
punished? 
Using population as a base is compatible with equal emission rights and 
could be accepted as fair by the developing countries. Given the great disparities 
in current per capita C 0 2 emissions, however, this would probably imply the net 
payments transfers from the developed countries to the developing countries on a 
substantial scale and therefore would not be easy for political leaders to justify. 
The study of Kverndokk (1993) shows that transfers are required of 6% and 3% 
of their potential GDPs in the year 2000 from the USA and other OECD coun-
tries to the developing countries respectively. The magnitude of these transfers is 
scarcely credible, considering the United Nations' level of development assistance 
at 0.7% of GDP has not been met by most of the industrialised countries yet. 
Moreover, as pointed out by Grubb (1989), the allocation rule may create an 
implicit incentive for countries to increase their population,2 6 whereas just the 
opposite is needed to address the greenhouse problem. Grubb suggests that only 
adults above a specific age should be accounted in order to avoid the implicit 
reward for overpopulation. 
The foregoing discussion clearly indicates that the acceptability of 
tradeable permit regimes will depend on the allocation rules for permits. In view 
of the respective weaknesses of each rule discussed above, it follows that an 
acceptable allocation rule should take into account historical C 0 2 emissions, GNP 
(or GDP) and population together, and that the emissions entitlements to each 
2 6 Given that there are many other problems associated with population 
growth and that the governments are concerned with per capita income (or per 
capita welfare), for countries to increase their population for this reason is highly 
unlikely. It is nevertheless worthwhile pointing out this possibility. 
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participating country should be adjusted over time in order to reduce the relative 
benefits and relative excess costs for each country. Pearce (1990), for instance, 
argues that an allocation regime, based initially on grandfathering but with the 
emission permits being modified by altering the value of the permits over time, 
would be most appropriate. Thus, developed countries would have declining 
permits over time, while developing countries could have rising permits that less 
than offset the developed countries' reductions. This can be illustrated by, for 
example, the following formula (Cline, 1992): 
where i represents the country in question; Q is the emissions quota; superscript 
g the global emissions target; subscripts H, Y, and P refer to historical C 0 2 
emissions, GDP, and population respectively; w refers to the weight assigned to 
the rule, with the sum of wH, wY and wP being equal to one; $ is the country's 
share in the relevant global total; and subscript O refers to the base year. This 
approach weights three alternative rules to determine an overall country permit. 
Cline argues that, if the three weights shifted over time towards the population 
rule and thus equity, the approach would seem to stand the best chance of 
support by both industrialized and developing countries: it would give heavy 
weight to the 'realism' concerns of industrialized countries at the beginning of the 
period, but also provide large scope for a shift over time towards the equity 
concerns of developing countries. 
Quantitative analyses of the effects of changing C 0 2 permits over time 
along this line have been made, although relatively seldom. In the study of 
Manne and Richels (1991b), for example, the carbon permits, though still 
benchmarked against 1990 base year, are distributed with grandfathering initially 
(the year 2000) but in proportion to the 1990 level of population at the end of the 
planning horizon (the year 2100). This allocation rule is designed to not only 
avoid an abrupt change in the status quo, but in the long run lead to an egalitar-
ian distribution of carbon permits. The results (Manne and Richels, 1991b) show 
that according to the allocation rule there are no dramatic gains from trade and 
each of the regions would benefit modestly from trade, since none of the five 
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regions buys or sells more than 5% of the total global volume of tradeable carbon 
permits. 
So far this discussion on the allocation rule has been associated with a 
regime of tradeable carbon permits. These rules are also valid for determining 
how to reimburse carbon tax revenues if the international carbon tax is imposed 
across countries. 
2.5.5 Carbon taxes or tradeable carbon permits? 
As discussed earlier, both carbon taxes and tradeable permits minimize overall 
abatement costs by allocating the cutbacks to the countries where marginal cost of 
reducing C 0 2 emissions is the lowest. Moreover, given both perfectly competitive 
markets and certainly, carbon taxes are equivalent to tradeable permits (cf. Hoel, 
1991). In practice, however, there are some differences between these two 
instruments. 
Probably the most valid arguments in favour of tradeable permits rather 
than taxes so far are as follows: 
Tradeable carbon permits, unlike carbon taxes, are a form of rationing 
and the great advantage is that in this way one can be sure of achieving the target 
agreed. By contrast, the actual achievements in reductions of C 0 2 emissions by a 
proposed carbon tax remain uncertain because of imperfect knowledge of the 
price elasticities of demand and supply for fossil fuels, especially for the large 
price increases caused by carbon taxes for major emissions cutbacks - see e.g. 
Cline (1992) for further discussion. This implies that setting the initial tax will be 
a hit-and-miss affair, and could thus induce hostile reactions from countries, 
industries, and consumers although it is not clear how serious an objection this is 
(Pearce, 1990, 1991). Moreover, in the context of global warming, the delays in 
adjusting the insufficient carbon tax to the desired level will mean additional 
committed warming. 
Another complication of the carbon tax is the initial difference in energy 
prices. As a consequence of existing distortions by price regulations, taxation, 
national monopolies, barriers to trade etc., there are initially great differences in 
energy prices, both between fuels and across countries (cf. Hoeller and Coppel, 
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1992; Haugland et al, 1992). If C 0 2 emissions are then to be reduced by similar 
amounts in two countries, ceteris paribus, lower taxes are required for the 
country with low prices before the tax imposition than for the country with the 
higher pre-tax prices (cf. Hoeller and Coppel, 1992). Thus an eventual cost-
efficient regime of international carbon tax would presumably need removing 
existing distortions in international energy markets. Otherwise, countries with the 
lower pre-tax prices would enjoy free-rider benefits (Cline, 1992). 
However, a regime of tradeable carbon permits is also subject to import-
ant limitations. In practice, the regime requires a sufficient number of traders (or 
participating countries) to avoid ill-functioning permit markets,27 although this 
will increase its administrative costs. This requirement heightens the importance 
of large participation of developing countries to avoid an insufficient number of 
traders. As discussed earlier, however, because of great difficulty in allocating 
initial carbon permits, it may take quite a long time to induce developing 
countries to join. 2 8 Moreover, even if the regime was put into operation, which 
might require less of an international bureaucracy than would be needed to 
2 7 When permit markets are thin, i.e. when permits are infrequently traded, 
clear price signals are absent, thereby impairing the functioning of the permit 
regime. Thus, an international market seems a minimum requirement. Carbon 
emission permits, traded internationally, allow marginal cost of abatement to be 
equalized across countries. Permits may be traded independently within nations so 
that marginal cost of abatement is equalized across domestic sources (Shah and 
Larsen, 1992). 
2 8 The 1987 Montreal Protocol on CFCs can be taken as an example. For 
CFCs, 1) there exists substantial scientific evidence that CFCs play the greatest 
role in depleting the stratospheric ozone layer; 2) the number of key countries 
involved in the global production of CFCs, the overall economic cost of phasing 
out CFCs, and institutional changes involved are relatively small; and 3) the 
oligopolistic nature of the CFC-producing industry ensures that producers' 
cooperation could be secured by effective cartelization and limitation of produc-
tion, making the monitoring of compliance not too difficult (Enders and Porges, 
1992; Shaw, 1993). Even for this case, which is far less complicated and costly 
than that of greenhouse emissions, it still took over ten years to reach the 
Protocol. 
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administer and enforce an international carbon tax, some supra-national agency 
would be required: 
1) to regulate and perhaps periodically intervene in the permit market in 
which some undesirable consequences may occur. Hoel (1991), for instance, 
argues that big countries can influence prices for permits. For a larger seller, it is 
optimal to have higher carbon emissions than the level indicated by the marginal 
cost of abatement (i.e. the market price for permits). The opposite holds true for 
a larger buyer; 2 9 
2) to adjust the global target level and re-issue permits in response to 
changing conditions as discussed earlier; and 
3) to monitor transactions and enforce any penalties for abuse (cf. Pearce, 
1990; Hoel, 1991; Pearce and Barbier, 1991). 
All the administrative and transaction costs associated with tradeable 
permits cannot be known in advance. They may turn out to be much higher than 
was imagined when the target was defined, thereby making tradeable permits less 
of an attractive instrument. This uncertainty regarding the cost of emission reduc-
tions is an important distinction between tradeable permits and carbon taxes. 
Weitzman (1974) has shown that, under specified conditions, if the marginal 
abatement cost curve is steeper than the marginal damage curve for emissions, 
then the cost of making an error in the selection of a price-based instrument such 
as an emission fee or charge will be less than that of making an error in the 
selection of a quantity-based instrument such as a tradeable permit. This suggests 
that if there is great uncertainty about the cost of emission reductions, carbon 
taxes are preferred in order to avoid potentially large and unexpected costs (Shah 
and Larsen, 1992). However, if the overall impacts of climate change are 
believed to be unacceptably high or if there was a threshold effect caused by the 
stock of C 0 2 emissions beyond which atmospheric temperatures would rise 
exponentially, the target would then have high political priority. In this case, the 
choice of economic instruments should not be swayed by uncertainty regarding 
2 9 See Hahn (1984) and Misiolek and Elder (1989) for a theoretical analysis 
of tradeable emission permits when some of the participants have market power. 
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the cost of emission reductions and tradeable permits would be preferred to 
carbon taxes (cf. Kageson, 1991; Shah and Larsen, 1992). 
Moreover, so far there has been limited international experience with 
tradeable permits. 3 0 While tradeable permits have enjoyed some considerable 
success in the various domestic contexts, this by no means guarantees their 
success in international context (Tietenberg and Victor, 1994). Thus such a 
regime should perhaps be validated through more experience on a small rather 
than a global scale. In this regard, it is worthwhile putting into practice joint 
implementation, a derivative of the idea of permits trading that has been built into 
the UN Framework Convention on Climate Change (FCCC) to allow countries to 
invest in emission reduction projects in other countries where such projects would 
be more cost-effective than trying to achieve an equivalent reduction within their 
own countries.3 1 The experiments may provide some experience for implementa-
tion of a global tradeable emission permits regime (cf. IEA, 1992; Tietenberg 
and Victor, 1994). 3 2 
3 0 There are two main applications of tradeable permits - emissions trading 
under the US Clean Air Act (Tietenberg, 1990) and the use of individual quotas 
as the primary means of addressing overfishing and depletion of inshore stocks in 
New Zealand and other countries (OECD, 1993b). 
3 1 According to Article 4.2(a) of the FCCC, which states that the developed 
country Parties and other Parties included in Annex I (the Annex I countries are 
the OECD and Eastern European countries) may implement ... policies and 
measures jointly with other Parties and may assist other Parties in contributing to 
the achievement of the objective.of the Convention (cf. Ramakrishna, 1994), 
however, the G-77 and China have argued that joint implementation should be 
applicable to Annex I Parties only. Recognizing that joint activities to address 
climate change issues are different from joint implementation, a compromise 
achieved in the first Conference of the Parties in Berlin in 1995 was the decision 
to establish a pilot phase for activities implemented jointly among Annex I Parties 
and, on a voluntary basis, with non-Annex Parties (i.e. developing countries) 
(Joint Implementation Quarterly, Summer 1995). This clarified the debate on 
which countries would be eligible for joint implementation arrangements. 
3 2 Facilitating immediate progress without jeopardizing a smooth evolution to 
a more mature, comprehensive regime requires careful attention to the implemen-
tation details. Although the joint implementation stage bears little resemblance to 
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2.6 Concluding remarks 
Climate change is expected to have a variety of consequences. The great bulk of 
the scientific work has so far focused on the case of a doubling of concentration 
of carbon dioxide equivalent trace gases from its pre-industrial level. The studies 
discussed in this chapter show that agriculture loss and loss from sea level rise 
form the main sources of damage due to a doubling of C 0 2 concentration, 
although the effects on the supply of water, health, ecosystems and the energy 
sector are also important. With respect to the regional effects, there is much less 
agreement on the exact magnitude and timing of regional damages from climate 
change, although there is considerable agreement that less developed regions will 
suffer more than their developed counterparts, with China being the region 
hardest hit. 
Although the great uncertainties by no means justify the 'do nothing' 
stances, they indeed make it difficult to make the choice of response strategies. 
This can be reflected by the following divergences: 
First, 'do nothing' versus 'do something'. The 'do nothing' stances argue 
that we should wait until considerable consensus in scientific research emerges. 
By contrast, the 'do something' stances argue that we can probably not afford to 
wait until all of the uncertainties have been removed. 
Second, 'no-regrets' policies versus 'regrets' policies. Advocates of 'no-
regrets' policies argue that strong action will lead to a 'no-regrets' outcome, 
which is independent of the ultimate seriousness of global climate change. By 
contrast, advocates of 'regrets' policies argue that emission abatement is very 
costly and that the expected costs of such action would not be justified unless 
there were going to be adverse impacts of the greenhouse effect. Moreover, even 
within the group of proponents of 'regrets' policies, divergences occur in 
choosing such policy instruments as carbon taxes or tradeable carbon permits. 
an actual emission permits market, it serves the very important purpose of 
ensuring a smooth evolution of the trading regime and providing opportunities for 
the various supporting administrative institutions to 'learn by doing'. See, for 
example, Tietenberg and Victor (1994) for further discussion of implementation 
issues for a global tradeable carbon permits regime. 
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Third, limitation strategies versus adaptation strategies. The former aim to 
limit, stop or even reduce the growth of GHG concentrations in the atmosphere, 
whereas the latter are to adjust the environment or the ways it is used to reduce 
the consequences of a changing climate. 
Such sharp divergences in the suggested policy strategies are hardly 
expected to emerge in the near future unless there is considerable consensus in 
scientific research. Faced with such sharp divergences, the Manne and Richels 
'hedging' strategy will tend to be favoured. Such a strategy avoids extreme and 
rigid mandates and pursues a number of low-cost options for preparing the 
ground for more severe measures later if needed. The strategy also makes it easy 
to adapt to climate change by cutting GHG emissions, since adaptation requires 
that any impact, such as a rise in sea level, should occur sufficiently slowly to 
allow orderly adjustment to take place. 
If the strategy were adopted, it should be pursued in the most cost-
effective manner. Section 2.5 discussed how this goal can be achieved in the 
context of C 0 2 emissions. The following conclusions emerge from that dis-
cussion. 
First, if the goal is to reduce C 0 2 emissions, energy taxes (if introduced) 
will lead to poor target achievement or else to unnecessarily high costs as 
compared with carbon taxes. In the case of general taxation on energy, the 
reductions in C 0 2 emissions will be mainly achieved by price-induced energy 
conservation. By contrast, carbon taxes reduce C 0 2 emissions through both their 
effects of price mechanism on energy consumption and fuel choice. Given the 
cost-effectiveness of a carbon tax, the computable general equilibrium model of 
the Chinese economy, which will be described in Chapter 5, incorporates it as a 
policy instrument to reduce C 0 2 emissions in China. 
Second, for the effectiveness of action, carbon taxes should increase over 
time and be imposed globally in order to reflect the rising cost of damage 
resulting from the accumulation of C 0 2 concentration in the atmosphere, to give 
the markets the signal that C 0 2 emissions will eventually be heavily taxed, and to 
prevent carbon leakage that would otherwise take place in regions or countries 
without such taxes. But if this is not the case, special attention should be given to 
the treatment of the carbon tax revenues, the impacts on the distribution of 
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income, and to the effects on international competitiveness when designing a 
unilateral carbon tax. 
Third, the allocation of emission permits would, in practice, have to be 
based on relatively straightforward rules. If an allocation rule is likely to induce 
relatively large participation, account should be taken of historical C 0 2 
emissions, GNP (or GDP) and population together, and the emission entitlements 
to each participating country should be adjusted over time in order to reduce the 
relative benefits and relative excess costs for each country. 
Finally, the actual achievements in the reduction of C 0 2 emissions by a 
proposed carbon tax remain uncertain, while under a regime of tradeable carbon 
permits there will be certainty about the magnitude of emission reductions but 
great uncertainty about the cost of such reductions. If there was a threshold effect 
of climate change, tradeable permits would be preferred to carbon taxes. Given 
the current lack of knowledge about the magnitude, timing and regional effects of 
climate change, however, carbon taxes appear to be the superior and more 
flexible instrument that avoids potentially large and unexpected costs. 
3 ANALYSIS OF THE CHINESE ENERGY SYSTEM: 
IMPLICATIONS FOR FUTURE C0 2 EMISSIONS' 
3.1 Introduction 
At present China, as the world most populous country and largest coal producer 
and consumer, alone contributes 11% of global C 0 2 emissions (Manne and 
Richels, 1991a). This means that China ranks second in global C 0 2 emissions if 
the Soviet emissions are distributed over the new independent republics. Under a 
business-as-usual scenario, China's contribution to global C 0 2 emissions is 
estimated to rise to 17% in 2050 and to 28% in 2100 (Manne, 1992). Thus, 
advocates of controlling C 0 2 emissions call for substantial efforts in China. 
However, the Chinese authorities have argued that China cannot be expected to 
make a significant contribution to the carbon emission problem unless China 
receives very large international aid for this purpose. This contrasts sharply with 
the wishes of proponents of controlling C 0 2 emissions. To explain this gap a 
better understanding of the Chinese energy system is needed. This chapter is 
devoted to serving such a purpose by examining some aspects of the Chinese 
energy system. At the same time, it sheds light on the implications for China's 
future C 0 2 emissions. 
The structure of this chapter is as follows. Section 3.2 discusses China's 
energy resources and their development. In Section 3.3, the Chinese energy 
consumption patterns are characterized. Section 3.4 deals with electricity gener-
ation. Section 3.5 reviews China's energy conservation in an international 
perspective. The analysis of historical C 0 2 emissions in China is presented in 
Section 3.6, while environmental challenges for the Chinese energy system are 
described in Section 3.7. This chapter ends with some observations from global 
studies with respect to China's potential importance as a source of C 0 2 
emissions. 
1 This chapter is to a large extent based on the paper in Journal of Energy 
and Development (Zhang and Folmer, 1995b), an earlier version of which 
appeared in The Economics of Atmospheric Pollution (Zhang, 1994c), which in 
turn was based on two papers published in International Journal of Environment 
and Pollution (Zhang, 1994b) and in Energy Policy (Zhang, 1995b). 
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3.2 Energy resources and their development 
In this section, I will discuss the reserves of coal, oil, natural gas, hydropower, 
uranium and renewables and their development. Figure 3.2.1 can be used for 
locating Chinese provinces referred to in this chapter. 
Figure 3.2.1 Location of China's provinces 
Source: The Economist, March 18th-24th, 1995. 
3.2.1 Coal 
China is abundant in coal resources. At the end of 1987, China's proven coal 
reserves of 859.4 billion tons were among the largest in the world, representing 
alone about 50% of the world total (Ministry of Energy, 1989; World Resources 
Institute, 1992). Of the coal reserves, bitominous coal accounts for 70%, 
anthracite for 16%, and lignite for 14% (Ministry of Energy, 1989). 
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In terms of 'proved amount in place' as defined by the World Energy 
Conference, however, China's position may look somewhat less dominant. As 
shown in Table 3.2.1, only a small proportion of China's proven coal reserves, 
namely 114.5 billion tons by the end of 1992, was classified as proven recover-
able reserves. This amounts to only half of the reserve estimates for either the 
US (249.2 billion tons) or the former USSR (241.0 billion tons) (British Petro-
leum, 1993). 
Table 3.2.1 Reserves and utilization rates of fossil fuels 
Resources Reserves Proven R/P ratio2 Per capita proven 
recoverable (years) recoverable 
reserves' reserves3 
China China China World China World 
Coal (1091) 859.4 114.5 (11.0%) 103.2 232.0 96.4 189.7 
Oil (1091) 78.8 3.2 (2.4%) 22.2 43.1 2.7 24.9 
Natural gas (10 1 2 m3) 33.3 1.4 (1.0%) 92.6 64.8 1178 25242 
Notes: 1 Figures in parentheses denote percentage of world total. 
2 R/P ratio stands for the lifetime of proven recoverable reserves at 1992 
rates of production. 
3 Measured in tons for coal and oil, and in cubic metres for natural gas. 
Sources: British Petroleum (1993); Ministry of Energy (1989); United Nations 
(1993). 
The geographical distribution of China's coal reserves is quite uneven, 
with about 80% of proven coal reserves concentrated in the northern part of the 
country (see also Section 3.3). 
3.2.2 Oil 
According to the national oil and gas resources assessment completed in 1987, 
the total oil reserves in China were 78.8 billion tons (Ministry of Energy, 1989). 
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Its proven recoverable reserves of oil were estimated at 3.2 billion tons, or 5.6% 
of its proven recoverable reserves of coal (British Petroleum, 1993). At the 1992 
level of production, this yields a reserves-to-production ratio of 22.2 years. 
Proven oil reserves are mostly concentrated in the north and northeast, 
which are the traditional oil producing regions. Since these traditional fields have 
all reached the mature stage, the discovery of additional oil reserves is now vital. 
To this end, increasing investment in oil exploration is needed in order to cope 
with the rising costs of raw materials and equipments required for oil exploration 
(see Table 3.2.2). This also holds for oil production (see Table 3.2.2). 
Table 3.2.2 Exploration investment and production costs of oil 
1980 1985 1988 1989 1990 
Exploration 
investment (yuan/t) a , b 491.0 C 806.5 937.6 1225.4 
Production costs of 
oil (yuan/t)a 43.6 61.2 97.6 144.1 177.6 
Notes: a Measured at constant prices. 
b Required to add an incremental ton of oil to the proven reserves. 
c Average figure over the period 1981-85. 
Source: Chen et al. (1993). 
3.2.3 Natural gas 
Natural gas is of paramount importance because its carbon emissions are lower 
than those from coal and oil. Theoretically, the future of natural gas is very 
promising in China. The Ministry of Energy (1989) estimated the total reserves at 
33 trillion cubic metres. Because of the lack of exploration work, however, the 
proven recoverable reserves were estimated at only 1.4 trillion cubic metres in 
1992, or 1.0% of the world total (British Petroleum, 1993). This represents a 
reserves-to-production ratio of 92.6 years. Compared with 16 years of the 
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OECD, which accounted for 9.8% of the world total (British Petroleum, 1993), 
the larger ratio in China is a reflection of its current lower production level. 
Also, these gas reserves are nearly all concentrated in Sichuan province. 
Historically, natural gas has been considered a low priority in China's 
energy sector. Over recent decades, the share of natural gas in the total invest-
ment in oil and gas has accounted for about 10%, much smaller than 22% in the 
former USSR between the period 1981-85 (Wang, 1992). This has the following 
consequences: 
1) low level of exploration for natural gas. By the end of 1992, the 
proven reserves of natural gas accounted for only 4.2% of its total estimated 
reserves, much lower than the world average of 54.8% (Wang, 1992; British 
Petroleum, 1993); 
2) great disparity between gas and oil. In 1992, the world equivalent 
production ratio of natural gas to oil was 0.58:1 (British Petroleum, 1993). Gas 
production in some countries, such as the former USSR, USA and Canada, even 
surpasses their oil production. But the corresponding figure for China was only 
0.10:1, about one-sixth of the world average (British Petroleum, 1993). In terms 
of proven recoverable reserves, the equivalent ratio of natural gas to oil in 1992 
was 0.40:1 in China, about half the world average (0.93:1) (British Petroleum, 
1993); 
3) slow growth of production and proven reserves of natural gas. Over the 
period 1981-90, the average annual growth rate of world gas production was 
3.2%, whereas the corresponding figure for China was only 1.5% (British Petro-
leum, 1990 and 1993). China's proven reserves of natural gas have also been 
upgraded more slowly than the world total. 
Natural gas was previously regarded primarily as chemical feedstock for 
industry, but now it is being recognized as an alternative source of domestic 
energy supply. This has brought about increased exploration activity aimed at 
boosting the production to 30 billion cubic metres by 2000 from 15.3 billion 
cubic metres in 1990. 
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3.2.4 Hydropower 
There are abundant hydropower resources in China. Its economically exploitable 
capacity is estimated at as much as 378 GW (gigawatts), the largest in the world 
(Zhang, 1991). Such a capacity would generate 1920 TWh, which is three times 
the 1990 level of electricity production (Zhang, 1991). However, nearly 70% of 
the total exploitable potential is located in the southwest, remote from load 
centres, thus resulting in unfavourable exploitation conditions. 
Besides, China has an exploitable capacity of small hydropower projects 
of 70 GW, corresponding to 250 TWh of annual electricity production (Chen, 
1991). The development of small hydropower projects is an appropriate solution 
to meet the power needs for industrial and domestic use in rural areas. 
Hydropower is a carbon-free energy resource. With the world largest 
exploitable potential, China should make hydropower its energy resource of 
choice in consideration of C 0 2 emissions. By the end of 1990, however, only 
9.5% of the exploitable potential had been developed. Meanwhile, the total 
capacity installed of small hydropower plants amounted to 13.67 GW, only 
19.5% of the corresponding exploitable potential (Ji, 1993). This means that 
there is great potential for hydropower development in China (see Section 4.4). 
3.2.5 Uranium and nuclear power 
Exploration for uranium in China began in the mid-1950s. Its reported uranium 
resources are mainly found in the Shanxi and Xinjiang provinces. Economically 
exploitable reserves of uranium are estimated to be a minimum of 100,000 tons, 
with total known reserves in excess of 800,000 tons (Owen and Neal, 1989). The 
latter is approximately equivalent to Australia's total known reserves, which are 
the largest in the Western world (Owen and Neal, 1989). Thus, the domestic 
uranium supply will not be a limiting factor in China's short-term nuclear power 
development. 
At the time of writing, two nuclear power stations based on the most 
matured commercial PWRs (Pressurized Water Reactors), i.e. Qinshan Nuclear 
Power Station in Zhejiang province and Daya Bay Nuclear Station in Guangdong 
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province, have been commissioned. The former, with a capacity of 300 MW, is 
Chinese-designed and was successfully put into parallel operation with the East 
China Power Network in December 1991. The latter has two French-designed 
900 MW units, with the first unit commissioned in February 1994 and the second 
in May 1994. This marked the start of the development of nuclear power in 
China. 
With the exception of hydropower, nuclear power has so far provided the 
only proven method for enormous potential for a large-scale generation of 
electricity without a parallel production of C 0 2 emissions. But, in many parts of 
the world the future of nuclear power is clouded by the risks of accidents, the 
hazards of radioactive waste disposal and public acceptability. This leaves the 
future of nuclear power uncertain. In China, however, no significant objections to 
nuclear power development exist on either above-mentioned grounds (Zhou, 
1992). Indeed, the economically developed coastal areas and other energy-
deficient areas are eager for nuclear power stations being built in their territories. 
A rapid development of nuclear power in China is expected to take place 
in the first half of the next century in order to ease the increasing energy 
shortages, with total capacity installed estimated at hundreds of gigawatts (cf. Lu, 
1986; He and Lu, 1992). For such a large-scale development, the demand for 
uranium will be of the order of several million tons. This raises serious concern 
about availability of domestic uranium resources, which, as discussed above, is 
almost an order-of-magnitude lower than the required. From both the economic 
and political points of view, such a concern would indicate that the long-term 
development of nuclear reactors should shift from PWRs to advanced PWRs and 
to fast breeder reactors. Compared with PWRs, which can make use of only 
about 1-2% of the energy content of uranium, breeder reactors can make use of 
up to 60-70% of natural uranium by efficiently converting uranium-238 into 
plutonium-239, which, like uranium-235, is a good reactor fuel (CERS, 1986; 
Williams, 1992). With breeder reactor technology, domestic uranium resources 
would be adequate to support a large-scale commitment to nuclear power, which 
would yield multiple benefits, including a reduction in C 0 2 emissions. 
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3.2.6 Renewables 
Renewables encompass solar, wind, geothermal and tidal energies. Over the past 
few years, their total supply has amounted to only 0.43 Mtce per year, account-
ing for 0.04% of the total national commercial energy supply (Wu and Wei, 
1992). As described below, China is abundant in renewables. This abundance, 
combined with energy shortages in China as a whole and in the rural areas in 
particular, suggests that much attention should be paid to the development of 
renewables to supplement conventional energy resources in the long-term energy 
plan. 
Solar energy China is abundant in solar energy resources. About two-thirds of 
its territory receives solar radiation of above 140 kcal/cm2 for over 2000 hours 
per year (CERS, 1986). In large parts of Qinghai and Tibet, the annual amount 
of solar radiation even reaches 220 kcal/cm2 (CERS, 1986). 
Development of a wide variety of technologies for solar energy utilization 
has begun in China. Among equipment using solar energy are solar water 
heaters, solar cookers, solar greenhouses, solar desiccators, passive solar houses, 
and photovoltaic devices. By the end of 1990, 1.8 million m 2 of solar heat 
collectors had been installed; there were 0.12 million sets of solar cookers in use 
with each, if maintained well, saving 500-1000 kg of fuelwood annually; 110 sets 
of solar desiccators had been used with a total aperture area of 11,000 m 2; about 
800 sets of passive solar houses had been built with a total floor area of 0.3 
million m 2; and 1.5 MW of photovoltaic cells had been used on land primarily 
as a source of electricity for railway signals, remote communications equipment, 
and livestock fences (Chen, 1991; State Planning Commission, 1992; Wu and 
Wei, 1992). 
Wind energy China's southeastern coast and some nearby islands boast abundant 
wind resources with a density of wind energy greater than 200 Watts per square 
metres. In these areas, wind speeds from 3 to 20 metres per second (m/s) are 
available for 7000 to 8000 hours per year, with an annual average of 6-9 m/s for 
4000 hours (Wu and Wei, 1992; State Planning Commission, 1993). This is 
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suitable for the development of medium and large wind-power generators, which 
can then be integrated into local power grids or operated together with diesel 
generators. In addition, there are abundant wind resources in remote and thinly 
populated Inner Mongolia, Xinjiang and Qinghai, where a vast area is beyond the 
reach of power grids, and the application of small wind-power generators 
designed for household lighting and television is favourable. For the country as a 
whole, exploitable wind energy is estimated at 160 GW (Ministry of Energy, 
1989). 
By the end of 1990, 110,000 small wind-driven generators and six wind 
farms were in operation, with a corresponding total capacity installed of 12 MW 
and 4.5 MW respectively (State Planning Commission, 1992). There were also 
1600 wind pumps in operation, with a total capacity installed of 2.1 MW (State 
Planning Commission, 1992). 
Geothermal energy Geothermal energy resources are spread throughout the 
country. Up to now, over 3000 outcrops of hot springs have been located, 90 of 
which are high-temperature (above 150°C) geothermal sites. These high-tempera-
ture geothermal resources are mainly concentrated in southern Tibet and western 
Yunnan. According to preliminary estimates, the total capacity of geothermal 
energy reaches 3200 GW, 3.5 GW of which can be used for electricity gener-
ation (Yang, 1992). 
By the end of 1990, the total capacity installed of geothermal power 
generation had been expanded to 21 MW, most of which had been installed in 
Yanbajing Geothermal Power Station in Tibet (Chen, 1991; Wu and Wei, 1992); 
the annual direct use of low-medium temperature (below 100°C) geothermal 
resources amounted to 7.2 PJ, much more than the geothermal power generation 
(State Planning Commission, 1992). 
Tidal energy China's tidal power reserves are concentrated in Fujian and Zhej-
iang provinces along the southeast coastline. The exploitable tidal power potential 
is estimated at 20 GW or more (Ministry of Energy, 1989). At present, there are 
eight tidal power stations in operation, with a total capacity installed of 6.12 MW 
52 Chapter 3 
(Yang, 1992). Among the largest is Jiangsha Tidal Power Station, with a capacity 
of 3.2 MW and an annual power production of 6 GWh (Chen, 1991). 
A feasibility study has shown that the investment costs per kW for a 
medium-sized tidal scheme would be two to four times higher than that of small 
hydropower installations (Chen, 1991). This implies that, at this stage, no 
medium-sized tidal power project could be initiated without subsidies from the 
government. 
3.3 Energy consumption patterns 
Chinese energy consumption patterns can be characterized as follows: 
Main reliance on domestic energy resources China is self-sufficient in 
energy. Its entire economy is based on domestic energy resources. Even in the 
1950s when oil was imported, still 97% of energy supply was from domestic 
sources. China's energy balance was also unaffected by the first rise in world oil 
prices. In 1990, China's energy imports and exports were 13.1 Mtce and 58.8 
Mtce, with the former accounting for 1.3% of the total national commercial 
energy consumption and the latter for 5.7% of the total national commercial 
energy production respectively (State Statistical Bureau, 1992b). 
Coal-dominant structure of energy consumption China is one of the few 
countries in the world that relies on coal as its major source of energy. Over the 
past few years, coal has accounted for more than 75% of the primary energy 
consumption (State Statistical Bureau, 1992b). This share has remained stable 
after having increased from 70% in 1976 (see Figure 3.3.1). In 1990, coal 
provided 73% of the fuel and power required for industry, and 80% of commer-
cial energy for household use. Heavy reliance on coal is to a large extent due to 
the domestic coal endowments. Restrictions on energy trade also play a role in 
this massive use of coal. 2 This high proportion of coal consumption leads to low 
2 International trade in energy, particularly in oil and natural gas, is con-
trolled by the central government and national self-sufficiency in energy has until 
now been the policy, which limits the use of oil and gas. Although China's 
international trade system has already undergone a massive change in recent 
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efficiency of energy use, produces a large amount of C 0 2 emissions (see Section 
3.6), and gives rise to serious environmental pollution (see Section 3.7). 
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Figure 3.3.1 Profile of energy consumption by fuel source, 1980-90 
Source: Based on data from the State Statistical Bureau (1992b). 
Uneven geographical distribution of energy resources and economy As 
shown in Table 3 .3 .1 , about 80% of existing coal reserves are concentrated in 
the northern part and 82.5% of exploitable hydropower potential is in the western 
part, while economically developed regions are located in the south and on the 
eastern coast. As a result, coal has to be transported over a long distance to the 
load centres. This in turn puts great pressure on the transportation system, 
years, energy trade reform has lagged behind. Nevertheless, as part of China's 
drive to rejoin the World Trade Organization, the restrictions on international 
trade in energy are expected to be gradually removed. 
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especially on the severely congested railways. In 1989, 43% of the total freight 
shifted by railways was coal (Yang, 1991). This uneven geographical distribution 
also requires a major expansion of the transmission lines and power networks to 
realize 'sending electricity from the west to the east as well as from the north to 
the south' (cf. Ministry of Energy, 1992b). 
Table 3.3.1 Regional distribution of energy resources, economy and energy use 
in 1990 (%) 
North Northeast East Central Southwest Northwest 
China China China South China China 
Energy resources 43.9 3.8 6.0 5.6 28.6 12.1 
of which: 
Coal 64.0 3.1 6.5 3.7 10.7 12.0 
Hydropower 1.8 1.8 4.4 9.5 70.0 12.5 
Oil & Natural gas 14.4 48.3 18.2 2.5 2.5 14.0 
GNP in 1990 13.5 11.7 33.2 25.3 10.6 5.7 
Energy use in 1990 18.9 17.5 25.2 19.4 10.9 8.1 
of which: 
Coal 22.4 17.8 24.4 17.1 10.9 7.4 
Electricity 16.5 15.3 29.0 21.6 9.3 8.3 
Sources: State Statistical Bureau (1992a, 1992b); Ministry of Energy (1989). 
Low per capita energy consumption but high energy use per GNP The 
Chinese per capita commercial energy use in 1990 was 869.5 kgce (kilograms of 
coal equivalent), only about one-third of the world's average, and her energy 
intensity measured as energy consumption per unit of GNP was 4.43 kgce/US$ 
(at the average exchange rate of 1990, 1 US$ = 4.78 Chinese yuan), among the 
highest in the world. The former is due to China's low level of development, and 
the latter reflects an unusually large share of energy-intensive industrial produc-
tion in the Chinese economy, a high large of energy-intensive manufacturing in 
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China's industry, a high proportion of coal consumption, and undervaluation of 
China's GNP (see Section 3.5). This dual character of energy consumption in 
China has long been the crux of its energy problems. 
Heavy reliance on biomass energy by rural households About three-
quarters of the energy for domestic use of more than 800 million inhabitants in 
rural areas depends on biomass energy. In 1990, 215 million tons of firewood 
were burnt, 75 million tons more than that of the rational felling (State Planning 
Commission, 1993). This overfelling has caused serious ecological damage to 
large areas of forest and vegetation. 
Industry-dominant composition of final energy consumption Since great 
differences exist in the economic structures between China and the industrial-
ized countries, the compositions of their final energy consumption by sector are 
also quite different (see Table 3.3.2). In China, industry is the dominant energy-
consuming sector, accounting for 67.1% of the total in 1990. With the shift 
towards a less energy-intensive society as the national economy grows, and the 
more energy-efficient industrial utilization, its share is expected to decline slightly 
in the future. The residential sector is at present the second largest user, consum-
ing about 17% of the total final use in 1990, whereas the transport sector 
consumed only about 5% of the total in 1990. A similar picture applies to 
electricity consumption; industry consumed 78.2% of the electricity production in 
1990, the residential sector 7.7%, and the transport sector 1.7% (State Statistical 
Bureau, 1992b). 
3.4 Electricity generation: achievements and remaining problems 
As shown in Table 3.4.1, the electric power industry has been growing rapidly 
over the past decade in order to cope with the fast growing demand for electric-
ity. During the Seventh Five-year Plan Period (1986-90), the total generating 
capacity newly-added amounted to 50.84 GW, with average annual add-ups of 10 
GW. This achievement made total national capacity installed reach 137.89 GW 
by the end of 1990, thermal power accounting for 73.9% and hydropower for 
26.1%. In addition, on 15 December 1991, the first domestically designed and 
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constructed nuclear power unit with a capacity of 300 MW in Qinshan Nuclear 
Power Station was successfully put into parallel operation with the East China 
Power Network (Ministry of Energy, 1992b). This marked the end of an era 
without nuclear power in China. 
Table 3.3.2 Final energy consumption by sector (%) 
China USA FRG UK 
1980 1985 1990 1987 
Agriculture 6.0 5.5 5.1 
Industry 66.6 65.2 67.1 34.2 34.8 31.6 
Construction 1.7 1.8 1.3 
Transport & 
Communication 5.0 5.0 4.7 35.0 23.6 27.9 
Services 4.1 4.4 5.0 
Residential 16.6 18.1 16.8 
Others 1 - - - 30.8 41.6 40.5 
100.0 100.0 100.0 100.0 100.0 100.0 
Note: 'Including residential, commercial, public and agricultural sectors. 
Sources: Based on data from the State Statistical Bureau (1990c, 1992b) and 
from the IEA (1989). 
Along with a great number of units commissioned into operation, the total 
national electricity generation reached 621.3 TWh in 1990, 100% more than in 
1980. Power generated from thermal and hydropower plants accounted for 79.7% 
and 20.3% respectively, of the total electricity production. The share of coal-
fired plants in total thermal generation rose from 73.6% in 1980 to 89.1% in 
1990 as a result of government policy of replacing oil by coal in power gener-
ation in order to release much needed oil into the economy. This share will 
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continuously increase hereafter because oil-fired units will no longer be con-
structed generally and oil-fired units originally designed for burning oil will be 
re-converted to coal-fired ones (cf. Zhang, 1991). 
Table 3.4.1 Total capacity installedand electricity generation, 1980-90 
Year Capacity installed Electricity generation 
Total Hydro Thermal Total Hydro Coal Oil/gas 
(GW) (%) (%) (TWh) (%) (%) (%) 
1980 65.87 30.7 69.3 300.6 19.4 59.3 21.3 
1981 69.13 31.7 68.3 309.3 21.2 58.7 20.1 
1982 72.36 31.7 68.3 327.7 22.7 59.1 18.2 
1983 76.44 31.6 68.4 351.4 24.6 59.1 16.3 
1984 80.12 31.9 68.1 377.0 23.0 62.7 14.3 
1985 87.05 30.3 69.7 410.7 22.5 64.6 12.9 
1986 93.82 29.4 70.6 449.6 21.0 68.6 10.4 
1987 102.90 29.3 70.7 497.3 20.2 70.4 9.4 
1988 115.50 28.3 71.7 545.1 20.0 69.9 10.1 
1989 126.64 27.0 73.0 584.7 20.3 70.4 9.3 
1990 137.89 26.1 73.9 621.3 20.3 71.0 8.7 
Source: Ministry of Energy (1991b). 
Despite the great achievements in electricity generation, China is still a 
country with a low penetration of electricity in total final energy consumption 
(TFC). By 1990, the share of electricity in TFC was only 7.6%, considerably 
smaller than the average for IEA countries (16.6% in 1987) and also below many 
developing countries e.g. India 15% and Brazil 19% (State Statistical Bureau, 
1992b; IEA, 1989; Hu, 1991). Such a small share is one consequence of a small 
proportion of coal used for electricity generation, which was only 25.8% of the 
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total national coal consumption in China in 1990 compared with about 85% in the 
United States (Zhang, 1991; State Statistical Bureau, 1992b). This implies that 
coal utilization in China is quite inefficient because the majority of coal is 
consumed by direct combustion. Moreover, given that coal-fired power stations 
dominate electricity generation in China, this has led to a very low per capita 
final electricity consumption, which amounted to only 407 kWh in 1990 com-
pared with 9710 kWh in the United States and 5165 kWh in Japan in 1987 (State 
Statistical Bureau, 1992b; Zhang, 1991). 
There are some problems facing China's power industry, some of which 
are discussed below: 
Low unit capacity Of thermal power capacity installed by the end of 
1990, 38.8% comprised units with a capacity of 200 MW and above, 41.5% 
units with less than 100 MW of capacity, and 19.7% units in between (Ministry 
of Energy, 1991b). Compared with a figure of over 60% in the industrialized 
countries, the share of large units (200 MW and above) in China is quite small 
(Hu et al, 1990). This has led to a high net coal consumption rate of thermal 
power plants, which averaged 427 gce/kWh in 1990, because the small-size 
plants are inferior to large-size ones in terms of thermal efficiency, capital costs 
and environmental impacts (See Table 3.4.2). Thus, major potential gains can be 
realized by installing large units in terms of economic and thermal efficiency as 
well as environment benefit. According to the Ministry of Energy, in the future 
priority will be given to constructing of large-size, high-temperature and high-
pressure efficient units generating 300 MW to 600 MW 3 so that by the year 
2000 the average national coal consumption rate of thermal power plants will be 
brought down to 355 gce/kWh, and that for newly commissioned large units 
should not be higher than 330 gce/kWh (Ministry of Energy, 1992b). 
3 In moving up to large units, however, the possible technological problems 
should be appropriately addressed. Take the U.K. experience in adopting 500 
MW generating units as an example. Despite considerable experience in operating 
plants of up to 120 MW, with plant availabilities of over 80% being consistently 
achieved in the late 1950s and early 1960s, the rapid adoption of successively 
larger units led to a serious decline in plant availability which, even by 1980, had 
recovered only to 71% (Monopolies and Mergers Commission, 1981). 
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Table 3.4.2 Coal consumption rates of domestically produced thermal power 
plants 
Unit capacity (MW) 6 12 - 25 50 ~ 100 125 200 300 
Net coal 600 500 391 382 376 376 
consumption rate - ~ - - - -
(gce/kWh) 800 510 429 386 388 382 
Source: Hu et al. (1990). 
Underdevelopment of hydropower As discussed in Section 3.2, China's 
hydropower potential is estimated to be the largest in the world, and its economi-
cally exploitable capacity totals 378 GW, corresponding to 1920 TWh of annual 
electricity production (Zhang, 1991). By the end of 1990, however, the total 
capacity installed of hydropower plants was only 9.5% of the exploitable poten-
tial, considerably less than that of the industrialized countries and also below 
developing countries such as Brazil and India (See Table 3.4.3). Given China's 
abundant hydropower resources, their underdevelopment and their importance as 
an alternative to coal use for electricity generation, this current situation means 
that considerable efforts need to be devoted to speeding up hydropower exploita-
tion in some river sections with favourable exploitation conditions. According to 
the Ministry of Energy, it is planned that by 2000 China's total hydropower 
capacity will go up to 80 GW, representing 21.1% of the economically 
exploitable capacity. 
Small share of cogeneration units For energy conservation purposes, the 
Ministry of Energy requires all boilers at places with stable thermal loads and 
supplying more than 10 t/h for more than 4000 hours per year to be converted 
into cogeneration. However, the development of cogeneration is hindered by 
factors such as high investment costs of the district heat networks, low thermal 
prices, and some problems in the management system. As a result, the share of 
cogeneration units in total thermal power capacity installed fell from 20% in 1965 
to 10% in 1980 and to 9.8% in 1985. By the end of 1990, this share was only 
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10.9%, considerably smaller than 36% of the former Soviet Union in 1980 (Hu, 
1991; Zhu, 1992). 
Table 3.4.3 Hydropower exploitation in selected countries in 1990 
Country Capacity Electricity generation 
Installed Potential I/P ratio Current Potential C/P ratio 
(GW) (GW) (%) (TWh) (TWh) (%) 
USA 90.10 147.25 61.2 279.8 457.1 61.2 
Former USSR 64.98 315.73 20.6 223.3 1420.0 15.7 
Canada 59.19 163.23 36.3 293.1 593.0 49.4 
Brazil 48.75 213.00 22.9 213.4 1194.9 17.9 
Japan 37.48 88.0 130.5 67.4 
China 36.04 378.53 9.5 126.3 1923.3 6.6 
Norway 26.60 121.6 172.0 70.7 
France 24.70 69.6 72.0 96.7 
Italy 19.00 31.1 65.0 47.8 
India 18.34 84.00 21.8 57.8 450.0 12.8 
Spain 16.70 25.7 65.6 39.2 
Sweden 16.40 71.5 99.0 72.2 
Switzerland 11.60 30.7 41.0 74.9 
Austria 10.90 32.5 53.7 60.5 
Source: World Energy Herald, No. 13, 1992 (adjusted). 
Deficiencies of capital investment in transmission lines and distribution 
networks In China power is mainly generated from coal-fired and hydropower 
plants. Coal reserves and hydropower resources, however, are unevenly distrib-
uted geographically, as discussed in Section 3.2. This uneven geographical 
distribution requires a major expansion of transmission lines and power networks 
to realize 'sending electricity from the west to the east as well as from the north 
to the south' (cf. Ministry of Energy, 1992b). But capital investment in trans-
mission lines and power networks is insufficient in China, only accounting for 
about 20% of the total capital expenditures in the power industry (see Table 
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3.4.4), much less than not only 65% in the industrialized countries in 1980 but 
also below 35% in the developing countries in 1980 (Hu, 1991). As a result, the 
capability of transmission lines and power networks is insufficient compared with 
the generating capacity installed. For example, the average annual growth rate of 
generating capacity installed during the Seventh Five-year Plan period was 9.6%, 
while the corresponding figure for 35 KV and above level lines was only 6%, 
3.6% lower than the former (Ministry of Energy, 1991b; Zhu, 1992). The 
consequences of such a non-matching between power networks and generating 
equipment capabilities have been the weak links in power networks, the high 
frequency of defects on transmission, substation and distribution equipments, and 
the unsafety and instability of power networks. 
Table 3.4.4 Breakdown of capital expenditures for power 
Share in the total capital Sixth Five-year Seventh Five-year 
expenditures for power Plan period Plan period 
Hydropower (%) 27.54 18.39 
Thermal power (%) 43.19 58.25 
Transmission and distribution (%) 20.94 19.29 
Source: Hu (1991). 
3.5 Energy conservation: an international perspective 
Energy conservation is of vital importance to China, not only because it saves 
depletable energy resources and reduces pressure on transportation and environ-
mental pollution, but mainly because severe shortages in energy supply have been 
inhibiting its economic development. In recent years, China has admitted annual 
energy shortages (estimates vary) of approximately 20-30 million tons of coal, 10 
million tons of petroleum and 70 billion kWh of electricity. Energy shortages 
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contribute China's claimed 25-30% underutilization of its manufacturing capacity 
which otherwise might be devoted to increasing a fraction of its GNP (Liu, 1989; 
Zhu, 1992). It is estimated that China's energy demand in 2000 will be of the 
order of 1400-1700 Mtce, even if energy conservation is taken into account, 
whereas the domestic supply will only be likely to meet 1300-1500 Mtce (Minis-
try of Energy, 1989; Shen et ah, 1992). Thus, the gap has to be filled through 
increased efforts directed at energy conservation and enhanced energy efficiency, 
if China's development plan is to materialize. 
Indeed, the Chinese government has been placing great emphasis on 
energy conservation in the past decade. A series of measures has been imple-
mented concerning the administrative, legislative, economic and technological 
aspects of energy policies. As shown in Figure 3.5.1, great progress in 
decoupling its GNP growth and energy consumption has been made, with an 
annual growth of 8.97% for the former but 5.06% for the latter during the period 
1980-90. This achievement corresponds to an income elasticity of energy 
consumption of 0 .56, 4 an accumulated energy savings of 280 Mtce and to an 
annual saving rate of 3.6%, higher than the planned target of 3% (Shen et al, 
1992). With regard to the breakdown of the contributions, 50% of energy savings 
during the period 1981-88 were attributed to structural adjustments, while 
strengthening energy management and technologies transformation were 
accounted for 40%, with the remainder covered by imports of energy-intensive 
products (Ye, 1989). 
After shedding light on the accomplishments to date of China's energy 
conservation efforts, this section attempts to compare energy use in China with 
4 As shown in Table 3.5.1, the income elasticity of energy consumption in 
China is quite low by international standards. In addition to energy conservation, 
there are other two possible explanations for this. First, the growth of energy 
consumption is underestimated relative to the GNP growth. Second, quantitative 
restrictions have kept energy consumption from rising as would otherwise have 
occurred. Drawing on the analysis of rationing by Neary and Roberts (1980), the 
quantitative restrictions act like an implicit energy tax levied at rates varying with 
use and fuel. Generally speaking, households face a higher implicit tax than 
industrial users, and oil and natural gas are taxed at a higher rate than coal. See 
Hussain (1995) for a further discussion. 
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other countries, both in monetary terms and in physical terms. The purpose is to 
derive China's actual potential for longer-term energy conservation and to 
highlight some policy measures for promoting such a potential. 
14 -1 
8 J , , : • , , , .— 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 
Figure 3.5.1 Energy intensity of the Chinese economy 1980-90 
Source: Drawn based on data from the State Statistical Bureau (1992b). 
3.5.1 Direct cross-country comparison of energy use 
While China has enjoyed such a great success in energy conservation, its energy 
use per unit of GNP is still among the highest in the world. According to the 
World Resources Institute (1990), China's energy intensity measured as energy 
consumption per unit of GNP is the highest among the ten greatest economies 
excluding the former USSR (see Figure 3.5.2), which is 5.25 times that of 
France, 4.42 times that of Japan, 3.80 times that of Brazil, and 1.65 times that of 
India. The energy intensity of the Chinese economy is higher than not only that 
of the industrialized countries but also of developing countries such as Brazil and 
India. 
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Table 3.5.1 Growths of GDP and energy consumption and the income elasticity 
of energy consumption among different economies, 1980-90 
Annual Annual Income 
growth growth of elasticity 
of GDP energy of energy 
(%) consump- consump-
tion (%) tion 
Low-income economies 6.1 5.5 0.9 
Lower-middle-income economies 2.6 3.6 1.4 
Upper-middle-income economies 2.4 3.6 1.5 
High-income economies 3.1 1.4 0.5 
Source: World Bank (1992a). 
Figure 3.5.2 Energy intensity of the ten greatest economies in 1987 
Source: Based on data from the World Resources Institute (1990). 
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This high energy intensity in China needs to be interpreted with caution 
however, because the differences in energy intensities of GNP between countries 
are not in themselves evidence of economic efficiency or inefficiency in energy 
use. The high energy intensity in China is partly a reflection of an unusually 
large share of energy-intensive industrial production in the Chinese economy on 
the one hand and an unusually small share of labour-intensive service sector on 
the other, in comparison with other countries at its income level. For example, 
40.6% of China's GDP in 1987 originated from the industry sector and 31.0% 
from the service sector, while the corresponding figures for India were 28.4% 
and 40.2% respectively (World Bank, 1992b). Moreover, the differing composi-
tion of industry affects the levels of energy intensity. Compared with 63.2% for 
India, China has a larger share of energy-intensive manufacturing in industry that 
amounted to 80.0% in 1987, thus using more energy than India per unit of 
industrial output, although the unit energy consumption for major industrial 
products in China is lower than in India (cf. TERI and INET, 1990; World Bank, 
1992b). Also, energy intensity is likely to differ among countries due to differ-
ences in resource endowments and in relative resource prices, which suggests that 
the most economically efficient technology will differ among countries. Given 
that China is one of the few countries in the world that relies on coal as its major 
source of energy, its high energy intensity occurs partly as a result of its high 
proportion of coal consumption, because coal technologies are less efficient than 
oil/gas technologies. In addition, undervaluation of China's GDP could also be 
part of the explanation. Some studies (cf. Shah and Larsen, 1992) show that 
China's GDP in 1987 calculated on the basis of purchasing power parities (also 
called real GDP) may reach 7.8 times as much as those calculated directly on the 
basis of exchange rate. As a result, China's energy consumption per unit of real 
GDP is lower than that of all above-mentioned industrialized countries, because 
there are not many changes in their GDPs calculated on either basis. But it 
should be pointed out that calculating real GDP is not an easy task, particularly 
for the centrally planned economies. Thus, the magnitude of China's real GDP 
mentioned above should be considered only an illustrative figure. Certainly, it is 
still open to question. Nevertheless, the revised GDP does suggest that if 
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purchasing power parities were used to measure the Chinese economy, China's 
energy consumption level would not appear that high. 
From the preceding analysis, it thus follows that direct cross-country 
comparison of energy use per unit of output value should by no means be 
interpreted as representing the actual potential of energy conservation, given the 
great differences in the industrial structure and products mix among the countries 
selected and problems arising from using official exchange rate. It can provide 
only a rough picture of relative energy intensities in selected countries. 
3.5.2 Comparison of energy use in physical terms 
To derive the actual potential for energy conservation in China, there is a need 
for a sector-by-sector comparison of energy intensity rather than for the economy 
as a whole. Moreover, such a comparison should be made in physical terms as 
much as possible. 
According to China's energy balance table, industry is the dominant 
energy-consuming sector, accounting for 67.1% of its total final energy con-
sumption in 1990. Within this sector, the chief energy consumers are iron and 
steel industry, chemical industry, and building materials industry. The residential 
sector is at present the second largest user, consuming 16.8% of the total final 
energy use in 1990. The transportation sector in 1990 only consumed 4.7% of 
the total final energy use, but as much as 29.0% of the total gasoline and diesel 
use. Considering coal consumption, the power sector is the major consumer, with 
coal inputs to electricity generation in 1990 accounting for 25.8% of the total 
national consumption. As far as energy end-use devices are concerned, industrial 
boilers are the major energy users, consuming about one-third of the national 
coal production. In what follows, the comparison will be mainly targeted at these 
major energy-consuming sectors and devices. 
Iron and steel industry As shown in Table 3.5.2, the comparable energy 
consumption per ton of steel produced in 1990 was 1.03 tce/t in China (Li, 
1992), 42% higher than the level in Italy in 1980 (see World Bank, 1985a). 
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Table 3.5.2 Comparison of unit energy consumption in some energy-intensive 
industries 
1980 1990 Advanced level 
China China abroad 
Net coal consumption of coal-fired plants (gce/kWh) 448 427 327 (ex-USSR) 
Comparable energy consumption per ton of steel (tce/t) 1.30 1.03 0.6 (Italy) 
Energy consumption per ton of synthetic ammonia (tce/t) 1.2 
Large plants 1.45 1.34 
Small plants 2.90 2.25 
Energy consumption per ton of cement clinker (kgce/t) 206.5 185.4 108.4 (Japan) 
Sources: State Statistical Bureau (1987, 1992b); Li (1992); World Bank (1985a). 
Chemical industry The unit energy consumption in the synthetic 
ammonia production differs among plants. Large-scale plants based on imported 
technology and using natural gas as feedstocks consumed 1.34 tee per ton of 
synthetic ammonia in 1990, a level similar to modern plants abroad, while small-
scale ones consumed 2.25 tee per ton, about twice as much as the advanced 
plants abroad (State Statistical Bureau, 1992b). 
Building materials industry About two-thirds of total cement production 
is currently in small-scale kilns (Zhou et al, 1989). About 60% of these kilns are 
traditional vertical kilns that consume 20% more energy to produce a ton of 
cement than mechanized kilns (Zhai, 1993; Zhou et al, 1989). The wet process, 
consuming twice as much energy per ton as the modern dry process, is still 
widely used in China's medium- and large-scale kilns, in which more than half of 
the cement production is produced (Zhai, 1993; Zhou et al, 1989). As a result, 
unit energy consumption in China is one-third higher than the advanced level 
abroad (Zhou et al, 1989; Li, 1992). 
Power industry Power generated from thermal plants accounted for 
79.7% of the total electricity production of 621.3 TWh in 1990 (Ministry of 
Energy, 1991b). The average net coal consumption of coal-fired power plants 
amounted to 427 gce/kWh in 1990, 100 gce/kWh higher than the lowest level 
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abroad (e.g. 327 gce/kWh for the former Soviet Union in 1984) (State Statistical 
Bureau, 1987 and 1992b). This high coal consumption rate in China is to a large 
extent caused by low unit capacity, which has been discussed in Section 3.4. 
Industrial boilers At present, there are some 400,000 small industrial 
boilers across the country, about half of which have a capacity of less than 2 tons 
of steam per hour (t/h) (Zhai, 1993). These boilers consume 300 million tons of 
coal, about one-third of the national coal production (Zhai, 1993). The average 
thermal efficiency of these boilers is 60-70% at best, where the corresponding 
figure in OECD countries is 80% (Qu, 1992a; Bates and Moore, 1992). 
Residential Coal is the main fuel used for cooking in China's cities. 
According to surveys, in 1990, coal stoves with thermal efficiencies of only 15-
30% were used by more than 60% of the total urban population, while only about 
38.6% had gas stoves with double the efficiency of coal stoves (Li, 1992; Zhang, 
1991). Also energy use for space heating in the cities is quite inefficient. District 
heating, a particularly efficient method for heat supply, was used for only 5.7% 
of the residential floor area in the northern cities by 1985, while about half of the 
floor area was heated by small coal stoves (Zhang, 1991). As a result, the 
average heat efficiency did not exceed 50%. In rural areas, end-use efficiencies 
tended to be even lower than in the cities. The average efficiency of fuel use was 
14% in 1985 (Zhang, 1991). 
Transportation sector Coal-fired steam locomotives, almost disappeared 
in industrialized countries, still accounted for 29% of the total gross converted 
ton-kilometres in 1990, while only 18% of the total was transported by electric 
traction with an efficiency of two times higher than that of steam traction (Yang, 
1991). As for road freight transport, mainly medium-sized, gasoline-fuelled 
trucks are used in China. Generally speaking, the oil consumption per vehicle-km 
is 20 to 30% higher than that of similar foreign trucks (Zhang, 1991). In 
shipping, the specific oil consumptions of diesel engines used with low- and 
medium-speed are 160-168% gram/hp.h and 165-175 gram/hp.h respectively. 
Both figures are 25 gram/hp.h higher than that of the industrialized countries 
(Zhang, 1991). In addition, a number of ocean-going freight-vessels are still in 
use after 20 years of service. China's civil aviation fleet comprises a limited 
number of modern aircraft with low specific fuel consumption. The petroleum 
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pipelines are of old design with open delivery and side discharging pot. The 
pumps and heating systems used for transporting oil are 25-30% and 10% less 
efficient than those of the industrialized countries (Zhang, 1991). 
The foregoing comparison of energy consumption per physical unit of 
output and end-use efficiencies in China with other countries clearly indicates that 
the efficiency in China is at the low end. Altogether, it has been estimated that 
energy consumption per physical unit of output in China is on average 40% 
higher than that of industrialized countries and that the efficiency of energy 
utilization in China is about 30% (Zhu, 1992; Shen et al, 1992). 
3.5.3 Policy discussion on promoting energy conservation 
In 1980, the Chinese government initiated a policy of 'laying equal emphasis on 
both energy exploitation and conservation, and priority given to the latter in the 
near future' (Li, 1992). In practice, however, this policy has become exploita-
tion-dominated. The following figures support this view. 
As shown in Table 3.5.3, total fixed asset investment in the energy sector 
by state-owned enterprises during the period 1981-90 reached 435.5 billion yuan. 
Meanwhile, technical updating investment in energy conservation, combined with 
capital construction investment in energy conservation, amounted to 27.2 billion 
yuan, accounting for only 6.2% of the total fixed asset investment in the energy 
sector. This means that 93.8% of energy investment funds were allocated for 
expanding energy supply.5 Given such imbalance between investment in expand-
ing energy supply and investment in energy conservation, how can it be explained 
that equal emphasis is placed on both energy exploitation and conservation? 
5 Some of the funds could have been used for employing more advanced 
technologies. This could help to minimize the energy use in the course of energy 
production itself, but can certainly not help to avoid the inefficient energy use on 
the demand side. Moreover, it is generally thought that the supply-oriented 
approach to energy development is more expensive than the demand side manage-
ment aimed at energy conservation. Thus, heavy reliance on the continued 
expansion of energy production may represent a serious misallocation of 
resources in any bona fide attempt to promote energy conservation. 
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Table 3.5.3 Energy investment by state-owned enterprises (100 million yuan) 
1981-85 1986-90 1981-90 
Total fixed asset investment in the energy sector 1171.08 3184.37 4355.45 
Total energy conservation investment 112.27 159.61 271.88 
Capital construction investment in energy conservation 59.26 113.09 172.35 
Technical updating investment in energy conservation 53.01 46.52 99.53 
Sources: State Statistical Bureau (1992b); Handbook of Rational Utilization 
of Resources, China Science and Technology Publishing Press, 
Beijing, 1991. 
The lack of investment in energy conservation is explained briefly below. 
Economic reforms over the past 15 years in China have devolved control over 
resources and decision making to local governments as well as enterprises. While 
the central government still undertakes about 70% of budgetary financing 
primarily for capital construction investment, most technical updating investment 
is now under the control of local governments and enterprises, which rely on 
bank loans to finance their projects (cf. Singh, 1992). But given the current 
subsidies for energy consumption that vary with fuel (see Table 3.5.4 for an 
economic measure of the subsidies),6 local governments and enterprises have 
little incentive to invest in energy conservation. 
I will return to the consequences of insufficient energy conservation 
investment later, but now I will discuss briefly China's pricing system, because it 
is of great importance to encouraging energy conservation investment. 
Before the post-1978 economic reforms, China's economic management 
structure was modelled principally on that of the former Soviet Union, an 
essential feature of which was the adoption of a unified state pricing system. 
Under the pricing system, the state-set prices of goods, including those of 
6 The subsidies for energy consumption also vary with use. Albouy (1991), 
for instance, shows that industrial users enjoy much higher subsidies for coal use 
than households. The latter are also charged the highest electricity tariffs. 
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energy, did reflect neither the production costs nor the influence of market 
forces. The structure of state-set prices was also irrational: the same type of 
goods was set at the same prices regardless of their qualities, thus resulting in the 
underpricing and undersupply of goods of high quality. Over a too long period, 
the pricing system remained unchanged, with the result that and its inflexible and 
restrictive nature became increasingly apparent. Thus, the outdated pricing 
system had to be reformed. 
Table 3.5.4 Subsidies for fossil fuel consumption in selected countries 
(measured by the ratio of domestic prices to world prices) 
Country Coal Oil Natural Gas 
China 0.84 (1989) 0.48 (1985) 0.40 (1986) 
Former USSR 0.10 (1992) 0.05 (1992) 0.07 (1992) 
Poland 0.30 (1990) 0.68 (1990) 0.50 (1990) 
India 0.86 (1991) 0.47 (1990) -
South Africa 0.50 (1991) - -
Czechoslovakia 0.30 (1990) 0.22 (1990) -
Mexico - 0.54 (1990) -
Source: Larsen and Shah (1992). 
In 1984, the government allowed state-owned enterprises to sell their 
above-quota or surplus at prices within a 20 percent range above the state-set 
prices (Wu and Zhao, 1987). In February 1985, the 20% limit was removed and 
prices for surplus could be negotiated freely between buyers and sellers (Wu and 
Zhao, 1987). At that point, the dual pricing system was formally instituted. Such 
a pricing system is generally considered a positive, cautious step towards a full 
market price. Moreover, it is widely thought that introducing the dual pricing 
system can, among other purposes, encourage material and energy conservation 
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and improved management, thus introducing economic efficiency in the use of 
resources.7 
Table 3.5.5 presents some data on plan and market prices as well as data 
on plan allocations from a survey of 17 provincial markets. Of particular interest 
is the continued importance of the plan in the allocation of energy goods, 
particularly crude oil and electricity. This means that state-owned enterprises still 
receive allocation for part of their energy inputs at the state plan prices. As 
shown in Table 3.5.5, however, the state-set plan prices of energy goods are kept 
much lower than their market prices. As a result, these enterprises have weak 
incentive for investment in energy conservation. 
Let us now turn to the consequence of insufficient energy conservation 
investment. Such insufficiency has led to a reduction in energy savings attributed 
to technical updating. As shown in Table 3.5.6, the energy saving costs defined 
to be the investment costs per ton of coal equivalent saved were reported to rise 
to 523 yuan during the Seventh Five-year Plan Period (1986-90), 63.4% higher 
than the average 320 yuan during the Sixth Five-year Plan Period (1981-85). 
Total energy conservation investment should keep the same pace of growth as the 
energy saving cost, if the same amount of energy savings during the period 1986-
90 was to be achieved as during the period 1981-85. During the period 1986-90, 
however, total energy conservation investment had increased by 4.7 billion yuan, 
only 42.2% more than the investment during the period 1981-85 (see Table 
3.5.3). As a result, energy savings attributed to technical updating during the 
period 1986-90 amounted to only 30.5 Mtce, 4.6 Mtce less than that during the 
period 1981-85. 
It is therefore clear that, in order to encourage future energy conservation 
investment and hence efficiency gains, current subsidies for energy consumption 
in China should be eliminated. Such a reform of energy pricing will give 
economic incentives for energy conservation. Also, consideration may be given to 
7 See Wu and Zhao (1987) and Singh (1992) for general discussion on 
advantages and disadvantages of the dual pricing system and Albouy (1991) for 
the investigation of its impact on coal. 
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Table 3.5.5 Ratio of market price to plan price, and percentage of plan alloca-
tion of selected goods by volume and value, March 1989 
Material Ratio of market Percentage of Percentage of 
price to plan plan allocation plan allocation 
price by volume by value 
Crude oil 3.13 80 56 
Heavy oil 2.60 41 13 
Copper 2.50 17 7 
Coal 2.49 46 21 
Gasoline 2.25 64 44 
Aluminum 2.24 28 15 
Fertilizer 2.23 39 26 
Timber 2.12 22 12 
Diesel fuel 2.05 55 36 
Steel products 2.05 30 19 
Electric power 1.89 75 60 
Nitric acid 1.82 40 20 
Soda ash 1.81 40 28 
Plate glass 1.63 41 29 
Aluminum products 1.63 6 4 
Caustic soda 1.60 47 24 
Kerosene 1.60 73 67 
Copper products 1.49 8 5 
Cement 1.36 16 11 
Iron ore 1.33 78 74 
Pesticide 1.33 62 54 
Sulphuric acid 1.30 40 32 
Crude salt 1.23 86 83 
Pig iron 1.10 47 42 
Source: China Price, September 1990 (adjusted). 
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appropriate control over the growth of China's energy supply in order to put 
pressure on energy conservation on the demand side. 
Table 3.5.6 Energy savings attributed to technical updating and their unit costs 
Energy savings 
(Mtce) 
Unit costs 
(yuan/tee saved) 
81-85 86-90 81-85 86-90 
Capital construction investment in energy conservation 
Technical updating investment in energy conservation 
Total energy conservation investment 
13.90 
21.20 
35.10 
20.95 
9.59 
30.54 
426.3 
250.0 
319.8 
539.8 
485.3 
522.8 
Source: Handbook of Rational Utilization of Resources, China Science and 
Technology Publishing Press, Beijing, 1991. 
3.6 Analysis of historical C0 2 emissions 
In this section, I first examine the historical evolution of C 0 2 emissions over the 
past decade. Then I analyse the historical contributions of inter-fuel switching, 
energy conservation, economic growth and population expansion to C 0 2 
emissions. 
3.6.1 Historical evolution of C0 2 emissions 
On the basis of fossil fuel consumption, the corresponding C 0 2 emissions have 
been calculated by using the C 0 2 emission coefficients given in Table 3.6.1. 
These coefficients are measured in tons of carbon per energy content (tC/tce) and 
generally considered suitable for China. 
Table 3.6.2 shows total C 0 2 emissions from fossil fuels in China over the 
period 1980-90. It is clear that total C 0 2 emissions in China rose from 358.60 
MtC (Million tons of Carbon) in 1980 to 586.87 MtC in 1990, with an average 
annual growth rate of 5%. This means that China ranks third in global C 0 2 
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emissions, behind the U.S. and the former Soviet Union, and that if the Soviet 
emissions are distributed over the new independent republics, China is second. 
But on a per capita basis, China's C 0 2 emissions of 0.5 tC in 1990 were very 
low, only about half the world average. 
Table 3.6.1 C02 emission coefficients for China 
Fuels tC/tce 
Coal 0.651 
Oil 0.543 
Natural gas 0.404 
Hydropower, Nuclear power and Renewables 0 
Source: Energy Research Institute (1991). 
Table 3.6.2 C02 emissions and their determining factors" 
Year C C/FEC FEC/TEC TEC/GDP" GDP/POP POP 
(MtC) (tC/tce) (yuanc) (million) 
1980 358.60 0.62 0.96 1.03 594.97 987.05 
1981 352.63 0.62 0.95 0.97 613.31 1000.72 
1982 367.82 0.62 0.95 0.93 656.19 1016.54 
1983 390.39 0.62 0.95 0.90 713.06 1030.08 
1984 421.41 0.63 0.95 0.84 805.47 1043.57 
1985 456.58 0.63 0.95 0.81 891.44 1058.51 
1986 482.01 0.63 0.95 0.79 950.40 1075.07 
1987 517.32 0.63 0.95 0.76 1036.63 1093.00 
1988 554.98 0.63 0.95 0.75 1119.71 1110.26 
1989 577.37 0.63 0.95 0.75 1140.73 1127.04 
1990 586.87 0.63 0.95 0.73 1174.75 1143.33 
Notes: a Symbols are explained in Section 3.6.2; 
b Measured in metric tons of coal equivalent per thousand Chinese yuan at 
1987 prices; 
c At 1987 prices. 
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The breakdown of C 0 2 emissions by fuel is shown in Figure 3.6.1. 
Because of the coal-dominant structure of energy consumption, it is not surprising 
that coal predominates, accounting for 83.4% of total emissions in 1990. 
1980 1990 
Figure 3.6.1 Sources of C02 emissions in 1980 and 1990 
3.6.2 The contributions to C0 2 emissions growth 
C 0 2 emissions can be subdivided as follows (see e.g. Ogawa (1991), and Dean 
and Hoeller (1992) for different subdivisions):8 
8 This is a concrete form of the so-called Ehrlich equation / = P.A.T, where 
ƒ represents the adverse environmental impact, P is the population, A is the con-
sumption per capita, and T is the amount of resources required by environ-
mentally damaging technology for producing one unit of consumption (cf. Ehrlich 
and Ehrlich, 1990). It is used as a proxy for a determinant of environmental 
impact. 
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C = 
( FEC j { TEC 
C] .(FEC 
) 
TEC] . (GDP 
GDP) [POP 
• POP 
where C is the amount of C 0 2 emissions, FEC is the total carbon-based fossil 
fuel consumption, TEC is the total commercial energy consumption, GDP is the 
Gross Domestic Products, and POP is the population. 
Taking logs and differences over time yields: 
AlogC = Alog(C/F£C) + Mog(FECfTEQ + Mog(TEC/GDP) 
+ Mog(GDPIPOP) + Alog(POP) 
The first term on the right-hand side of the identity shows the effect of 
changes in the composition of carbon-based fossil fuels on emissions, and the 
second term indicates the contribution of the penetration of carbon-free fuels (1-
FEC/TEC) to a reduction in emissions (if the share of carbon-free fuels (1-
FEC/TEC) is increased, the C 0 2 emissions can be effectively reduced). These 
two terms therefore capture the contribution of inter-fuel substitution to the 
changes in emissions, as explained below: fuels vary considerably in their relative 
C 0 2 emissions. Specific C 0 2 emission from coal burning is 1.6 times that from 
natural gas and 1.2 times that from oil. Hydropower, nuclear energy and 
renewables do not produce C 0 2 emissions. In this regard, increased use of 
carbon-free energy sources, along with substitution of natural gas for the more 
pollution-producing coal and oil, would clearly reduce C 0 2 emissions. 
The third term shows the effect of changes in the aggregate energy 
intensity on emissions, and the last two terms show the effect on emissions due to 
growth in income per capita and population respectively. Needless to say, this 
identity is in a form suitable for analysing the historical contributions of inter-fuel 
switching, energy conservation, economic growth and population expansion to 
C 0 2 emissions by examining the relevant time-series data. 
Table 3.6.3 shows the results of this analysis for the period 1980-90, 
based on data given in Table 3.6.2. It quantifies the historical contribution to C 0 2 
emissions each factor has made. Population data and commercial energy con-
sumption of various types have been taken from the State Statistical Bureau 
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(1992a; 1992b), and GDP values have been derived from the World Bank 
(1992b). The corresponding C 0 2 emissions associated with the fossil fuel 
consumption have been calculated above. The data of Table 3.6.2 are presented 
in Figure 3.6.2, after normalization to the year 1980. 
Table 3.6.3 Breakdown of the contributions to C02 emissions growth during the 
period 1980-90 (MtC) 
Due to Due to Due to Due to Due to Total 
change in penetra- change in economic population change in 
fossil fuel tion of energy growth expansion c o 2 
carbon carbon intensity emissions 
intensity free fuel 
+5 .33 -5.33 -154.67 +314.67 +68.27 +228.27 
2 0 0 n 
6 0 J — , , , , 1 , , , , , • — 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 
Figure 3.6.2 Contributions to C02 emissions in China, 1980-90 
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The results in Table 3.6.3 and Figure 3.6.2 clearly indicate the relative 
importance of each factor in terms of its contribution to C 0 2 emissions growth. 
Given that China had been the most rapidly expanding economy over that decade, 
it is not surprising that economic growth measured in per capita GDP was 
overwhelming. This factor alone resulted in an increase of 314.67 MtC. During 
the corresponding period, China experienced a lower rate of population growth 
through the strict family planning programmes, which in turn contributed to a 
smaller increase in C 0 2 emissions than would otherwise have been the case. As a 
result, the population expansion was responsible for an increase of 68.27 MtC. 
The contribution to an increase in emissions is considered to be modest given its 
population size. Also the change in fossil fuel mix contributed to an increase in 
emissions (5.33 MtC), but its role was very limited because the share of coal use 
in total commercial energy consumption was slightly increased during the period. 
By contrast, reduction in energy intensity tended to push C 0 2 emissions 
down during the corresponding period. A reduction of 154.67 MtC was achieved 
because of great success in energy conservation (see Section 3.5). Also the 
penetration of carbon-free fuels contributed to a small reduction in C 0 2 emissions 
(-5.33 MtC). This is mainly due to the underdevelopment of hydropower, and 
partly because no nuclear power stations were commissioned during that period. 
3.7 Environmental challenges for the Chinese energy system 
Environmental problems related to energy use in China reflect the structure of 
energy supply and consumption. As discussed in Section 3.3, because heavy 
reliance is placed on coal and in particular the extensive direct use of coal, the 
environmental effects of energy use lie mostly with coal burning. In 1989, the 
total emissions of S 0 2 and smoke reached 15.6 million tons and 14.0 million tons 
respectively, 93% and 62% of which respectively came from coal burning. 
Consequently, the average daily concentration of total suspended particulates 
(TSP) in the air was as high as 432 /*g/m3 and that of S 0 2 was 105 /ig/m 3. S 0 2 
concentrations in northern cities during winter quite frequently exceed the 
government standards. The same applies to TSP concentrations. Furthermore, the 
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situation is gradually deteriorating in some cities. The south of China, particu-
larly Sichuan and Guizhou, has seriously been affected by acid rain, to which 
oxides of sulphur and nitrogen are the major contributors. 
Air pollution has caused serious ecological damage. It has been estimated 
that annual losses from air pollution during the Sixth Five-year Period were about 
12.5 billion yuan. When losses from water pollution, land occupation by solid 
wastes, and pesticides were added, total annual losses during the corresponding 
period were estimated at 38.2 billion yuan. This constituted 6.75% of China's 
GNP for that period, whereas the corresponding figure for industrialized coun-
tries such as the United States and Japan in the 1970s was reported to be 3-5% of 
their own GNP (Guo et al, 1990). 
In order to alleviate the environmental impacts and control further 
deterioration, China has taken a series of measures for environmental protection. 
Increasing funds are spent on the implementation of protection measures. 
Currently, this spending is about 0.7% of China's GNP. This figure is planned to 
rise to 1% in 2000 (Qu, 1992b). 9 
As discussed above, energy consumption in general and coal use in 
particular is the major source of air pollution. From the perspective of environ-
mental protection, it is thus not surprising that efforts to combat air pollution are 
targeted at the energy sector, particularly at coal use. Below are listed some of 
the energy-related measures that are being, and will continue to be, implemented: 
Increasing proportion of raw coal washed By reducing ash content of 
coal, coal washing will reduce the amount of coal to be transported over a long 
distance to the load centres, improve the efficiency of coal use, and reduce 
particulate emissions. In 1990, only 17.7% of raw coal was washed before 
combustion. It is expected that this proportion will be brought up to 30% in 
2000. 
Retrofitting and replacement of small inefficient industrial boilers As 
discussed in Section 3.5, currently, some 400,000 small inefficient industrial 
9 In a recent interview with China Daily (16 December 1995), Chairman of 
the Environmental and Resource Protection Committee of China National 
People's Congress said that China is planning to raise the share of its environ-
mental investment to 1.5% of China's GDP by 2000. 
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boilers across the country consume about one-third of the national coal produc-
tion. Thus, there is much room for coal savings and reductions in emissions of 
pollutants. For this purpose, the Ministry of Energy requires all boilers at places 
with stable thermal loads and supplying more than 10 tons of steam per hour for 
more than 4000 hours per year to be converted into cogeneration. 
Substituting direct burning of coal by electricity through development of 
large-size, high-temperature and high-pressure efficient coal-fired power plants 
In 1990, only 25.8% of national coal output was used for electricity generation, 
and direct use of coal accounted for as much as 68% of the total (State Statistical 
Bureau, 1992b). Thus, in order to alleviate the environmental impact of coal use, 
more coal should be transformed to such high-quality energy as electricity. It is 
expected that by 2000 the proportion of coal used for electricity generation will 
rise to about 35%. Moreover, in the construction of coal-fired power plants, in 
the future priority should be given to installation of large-size, high-temperature 
and high-pressure efficient units generating 300 MW to 600 MW - see Section 
3.4 for a further discussion. 
Speeding up hydropower exploitation See Section 3.4 for a further dis-
cussion. 
Popularizing domestic use of coal briquette Coal stoves using coal 
briquette can reduce coal consumption by 20-30%, CO emissions by 70-80%, 
and S 0 2 emissions by 40-50% if sulphur-fixing additives are added to the 
briquette (Zhao and Wu, 1992). In 1990, the production of coal briquette for 
domestic use reached 33 million tons, accounting for 20% of the total domestic 
coal use. Given that coal consumption still accounts for about 80% of total 
domestic energy use, popularizing domestic use of coal briquette can certainly 
realize major potential gains in terms of thermal efficiency and environment 
benefit. 
Increased penetration of town gas into urban households In 1980, an 
urban population of 11 million had access to town gas for cooking. By the great 
efforts over the following 10 years, this corresponding figure for 1990 rose to 
64.3 million, 5.8 times that of 1980 (Zhao and Wu, 1992). Consequently, the 
urban gasification rate was 42.2% (Yanaka and Hattori, 1992). Clearly, the 
increased penetration of town gas can reduce urban pollution. In general, how-
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ever, a widespread substitution of town gas for coal is limited by the lack of 
supplies. 
Expanding district heating systems Over the past 10 years, in many cities 
investment has been made in the construction of heat supply networks. By 1989, 
such heating networks had connected a floor area of 191 million m 2 , 112 times 
that of 1980 (Qu, 1992a). Because district heating is a particularly efficient 
method for space heat supply, further expansion is expected to take place. 
In addition, efforts are being made for research and development of 
environmentally sound coal technologies, including circulating fluidized bed 
combustion boilers, coal-water slurry, and coal gasification combined cycle. 
It should be pointed out that success in the implementation of these 'no-
regrets' measures will largely depend on the extent to which a reform of energy 
pricing will be carried out. With the current subsidies for energy consumption, it 
is unlikely to achieve the required outcome. 
Although all these measures can alleviate the environmental impact of coal 
use, curbing global CO z emissions calls for limitations to the overall consumption 
of coal, because specific C 0 2 emission from coal burning is nearly twice that 
from natural gas and one and a half times that from oil. This will present 
additional challenge to China's energy development strategies. 
At present, the reduction of C 0 2 emissions is not at the top of Chinese 
government agenda, although the bulk of the above-mentioned measures taken to 
combat air pollution also reduce C 0 2 emissions. The Chinese authorities know 
that their own C 0 2 emissions, though high in relation to population size and 
energy use, so far have still been well below the world average level on a per 
capita basis, because of the low level of development of the Chinese economy. 
They are also aware that China is bound to rely mainly on coal as fuel in the 
foreseeable future. Given this prospect, it is generally thought that options for 
China to limit C 0 2 emissions are high-cost supply substitutes and price-induced 
energy conservation in line with rapid economic growth, and thus that China 
would be the region hardest hit by carbon constraints (Manne and Richels, 
1991a). Under these circumstances, the Chinese authorities have claimed that 
ignoring the past build-up by the industrialized countries and simply asking for 
equal percentage of C 0 2 reductions on current emissions level would seriously 
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harm China's economic development and improvement of living standards and 
thus cannot be accepted as fair (Bai, 1991). 
Of course, this is not to justify the inaction by China. Instead, the Chinese 
government is willing to take all possible measures to limit its own C 0 2 
emissions. So far, the Chinese government has ratified the UN Framework 
Convention on Climate Change and China's Agenda 21, the latter of which 
serves as a white paper of China's population, environment and development in 
the 21st century. Although no concrete commitment has been made yet to 
limitation of C 0 2 emissions on the Agenda, it is conceivable that China's positive 
and cooperative actions are to be reflected by taking a broad range of measures 
to slow down, to a large extent, the growth of per capita C 0 2 emissions, for as 
far ahead as can be seen. With those efforts, China may keep its per capita C 0 2 
emissions well below the world average level without jeopardizing its economic 
development. This can be seen as a reasonable and achievable target for China. 
3.8 China's potential importance as a source of C0 2 emissions: observa-
tions from global studies 
Because of the global characteristics of climate change and China's potential 
importance as a source of C 0 2 emissions, there exist, though relatively few, 
global models that cover various political-economic regions and that treat China 
as a separate region. Global models in this tradition include the well-known 
GLOBAL 2100 (Marine and Richels, 1991a, 1991b, 1992; Manne, 1992) and 
GREEN (Burniaux et al., 1992; Martin et al., 1992; Martins et al, 1992; 
OECD, 1993a). 1 0 These models have been used to predict the future levels of 
C 0 2 emissions in the absence of specific policies to limit C 0 2 emissions and to 
analyse the economic impacts of compliance with C 0 2 emission limits on a global 
scale. The main findings arising from these models have already been presented 
1 0 There are a number of widely cited global studies that are based on the 
Whalley-Wigle model (cf. Whalley, 1991; Whalley and Wigle, 1991a, 1991b; 
Pezzey, 1992; Piggott et al, 1992). Because the global model does not treat 
China separately, however, those studies are not touched upon in this section. 
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in Section 2.5. Therefore, only some important observations particularly related 
to China are mentioned here. Prior to this, I first describe these global models 
briefly, because the results obtained are frequently cited in this dissertation and 
serve as a basis for comparison with the case study for China in Chapter 7. 
So far, the most complete global model within an optimization framework 
in terms of modelling the energy sector and its feedback to aggregate output has 
been that of Manne and Richels. The so-called GLOBAL 2100 model, with a 
dynamic nonlinear optimization framework of the maximization of discounted 
utility, is based on parallel independent computations for five major geopolitical 
regions: the USA, other OECD nations, the former USSR and Eastern Europe, 
China and the rest of world. The model has a rich treatment of the energy sector 
but a highly aggregated description of the economy. It can be run as far into the 
future as the year 2100, in eleven steps of ten-year intervals. Using this model, 
Manne and Richels (1991a, 1992) and Manne (1992) analyse the abatement costs 
under alternative C 0 2 emission limits, and carbon tax rates necessary for 
achieving large C 0 2 reductions and the feedback impacts of rising energy costs. 
Manne and Richels (1991b, 1992) also quantify the potential for international 
trade in C 0 2 emission permits based on an allocation rule under which the carbon 
permits are distributed among regions in proportion to their 1990 levels of 
emissions initially (the year 2000) and in proportion to the 1990 level of popula-
tion at the end of the planning horizon (the year 2100). 
The OECD Secretariat (Burniaux et al., 1992) has developed a multi-
sector, multi-region, dynamic CGE model used for evaluating the economic costs 
of international agreements to curb global C 0 2 emissions. The model is referred 
to as GREEN (GeneRal Equilibrium ENvironmental model). It has full clearing 
markets and is made up of twelve regions. So far it has been the most complete 
global CGE model in terms of fuel, regional and sectoral disaggregations and the 
modelling of backstop technologies. Currently, GREEN is being simulated over 
the period 1985-2050, in five steps of five-year intervals up to 2010 and two 
further steps of twenty-year intervals. In each region, the model is calibrated on 
exogenous growth rates of GDP and population and on neutral technical progress 
in energy use. Given the recursive structure of the model, the evolution over time 
of the economy is described as a sequence of single-period static temporary 
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equilibria. Using GREEN, Martin et al. (1992) and Martins et al. (1992) 
simulate the economy-wide impacts of a variety of international agreements on 
curbing C 0 2 emissions, including: 1) a so-called Toronto-type agreement under 
which it is assumed that a 20% cut in C 0 2 emissions in the industrialized 
countries and a 50% rise in the developing countries relative to their 1990 levels 
by 2010 respectively, with emissions in each region being stabilized thereafter; 2) 
a Toronto-type agreement with trade in emission permits, which means that trade 
in carbon emission permits among regions is allowed, while imposing the same 
C 0 2 emission limits on each region as the first; and 3) compliance with the 
Toronto-type agreement only in the industrialized countries. Moreover, the 
robustness of the results with respect to some key parameters of GREEN is 
assessed. 
Now let us turn to the results of these studies. First, look at the baseline 
projections. Over the period 1990-2050, GREEN shows a rapid growth of C 0 2 
emissions for China, with an average annual growth rate of 3.7% for that period 
(Martin et al., 1992), whereas the estimate by Manne (1992) puts the growth at 
2.3%. This difference in growth rates for C 0 2 emissions would lead to differ-
ences in the predictions for the timing of doubling China's C 0 2 emissions and of 
its share in the global C 0 2 emissions. In GREEN, a doubling of China's C 0 2 
emissions would occur as early as in 2007 or so, while this would take place in 
2025 in the study of Manne (1992). In terms of regional contributions in 2050, 
GREEN suggests that China would become the single most important C 0 2 -
emitter, with its share rising from 9.5% in 1985 to 29% in 2050 (Martin et al, 
1992). This would leave other countries and regions far behind China. By 
contrast, the portion attributable to China would be estimated to be 17% in 2050 
in the study of Manne (1992). 1 1 
1 1 The baseline assumptions underlying the study of Manne (1992) are based 
on the guidelines laid down for the OECD model comparisons project (Dean and 
Hoeller, 1992). The assumptions are different from those used by Manne and 
Richels (1991a). This leads to differences in the baseline projections for China's 
share in global C 0 2 emissions. The study of Manne (1992) shows that by 2100 
the portion attributable to China is 28%, while the corresponding figure projected 
by Manne and Richels (1991a) is 22%. 
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When it comes to analysing the economic impacts of compliance with C 0 2 
emission limits, the study of Manne and Richels (1991a) assumes that Chhia 
would be allowed to double its carbon emissions relative to the 1990 level by 
2100, while C 0 2 emissions in the industrialized countries would be restricted to 
80% of their 1990 levels. Even so, in terms of foregone GDP, China would be 
the region hardest hit by the carbon constraint. Manne and Richels (1990) show 
that China would face annual GDP losses of over 10% by the latter half of the 
next century. Even if the carbon emissions in China were relaxed to a quadru-
pling, its output losses would be considerable, still amounting to 7% of GDP by 
2100. As for GREEN, China would also record a welfare loss of 9% in 2050 
under the Toronto-type agreement (Martin et al., 1992). 
Despite great variation in the magnitude of loss estimates, there are 
similarities among the results of these global studies. All of them clearly indicate 
that China would record to be among the severest sufferers from the global C 0 2 
emission limits, if compared with an unrestricted business-as-usual scenario. The 
highest costs induced for compliance with the emission targets reflect that the 
major alternatives available for China are high-cost supply substitutes and price-
induced energy conservation in line with rapid growth in GDP. 
While global models give insight into the regional effects of different 
types of international agreements on international trade and welfare consequen-
ces, there has been growing recognition that for countries with large C 0 2 
emissions like China, a country-specific model should be developed. The single-
country (China) model allows for a more detailed and reliable analysis than the 
existing global models in terms of sectoral scope and energy sources. Such an 
analysis on a national level is useful to broaden the picture painted by global 
models. Rather than competing or substituting, however, these two approaches 
can serve to check or even complement each other, thus illustrating how the two 
approaches are able to shed light on different aspects of the same problem. 
Indeed, given the fact that C 0 2 is a uniformly mixed pollutant, i.e. one ton of 
carbon emitted anywhere on earth has the same effect as one ton emitted some-
where else, it does not matter whether C 0 2 emissions are reduced in the United 
States or in China. What matters is whether we are able to reduce the emissions 
effectively on a global scale. One unit of U.S. dollars spent in a cost-efficient 
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strategy of the U.S. may provide less gain in terms of the amount of C 0 2 
emissions reduced than the same amount spent in a Chinese cost-efficient 
strategy, assuming that the total world investment in carbon programmes remains 
the same. In this regard, the country-oriented studies are only of limited use if 
they are not compared with each other within a global framework. 
In the next chapter alternative economic modelling approaches to cost 
estimates for limiting C 0 2 emissions will be discussed. Such a discussion will 
show the theoretical rationale for choosing a computable general equilibrium 
approach to the macroeconomic analysis of C 0 2 emission limits in China and for 
linking a CGE model of the Chinese economy with a power planning model of 
China's electricity sector. 

4 ECONOMIC MODELLING APPROACHES TO COST ESTIMATES 
FOR LIMITING C0 2 EMISSIONS1 
4.1 Introduction 
Given the uncertainties surrounding the effects of climate change and the diffi-
culties in quantifying the damages avoided, most studies are confined to emission 
abatement costs and abatement strategies in isolation from their expected benefits, 
although this may lead to a policy bias towards inaction.2 Moreover, with carbon 
dioxide (C0 2 ) thought to be responsible for half of the present global warming 
and all GHGs, with the exception of CFCs, associated to a greater or lesser 
extent with the combustion and/or production of fossil fuels, empirical studies 
have placed emphasis on cost estimates for reducing C 0 2 emissions from fossil 
fuels combustion.3 
Just as global warming estimates are based on the conventional benchmark 
of a doubling of atmospheric C 0 2 concentration from its pre-industrial level, cost 
estimates for limiting C 0 2 emissions also require some common but arbitrary 
objective in order to be comparable. Most estimates take as the target a reduction 
of emissions to either a specified fraction of what they would have been in the 
absence of control, or some fixed proportion of the emissions in, say, 1990 (cf. 
Schelling, 1992). The costs of C 0 2 abatement are then estimated through the ad 
1 This chapter is to a large extent based on a paper presented at the EAERE 
Conference (Zhang and Folmer, 1995c), which was a much revised and expanded 
version of an article in International Journal of Environment and Pollution 
(Zhang, 1995a), the Chinese versions of which appeared in Quantitative and 
Technical Economics (Zhang and Yao, 1994) and in Bulletin of Energy Policy 
Research (Zhang and Yao, 1995). 
2 If governments decide to pursue mitigation policies, they would probably do 
so on the basis of anticipated benefits rather than costs. With ample estimates on 
the cost side and few estimates on the benefit side of global warming mitigation, 
there could be a policy bias towards inaction (Cline, 1991). 
3 For a survey of empirical studies on the estimates of economic costs of 
controlling emissions of GHGs, see, for example, Boero et al. (1991), Dean and 
Hoeller (1992), Hoeller et al. (1991), Nordhaus (1991a), and Grubb and Edmo-
nds et al. (1993). 
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hoc approach, dynamic optimization approach, input-output and macroeconomic 
approaches, computable general equilibrium approach, and hybrid approach 
respectively. Without going into too much detail, this chapter attempts to 
highlight the relative strengths and weaknesses of these different economic 
approaches. Its purpose is to illustrate how these different economic approaches 
are able to shed light on different aspects of cost estimates for the control of C 0 2 
emissions, and at the same time, to show the rationale for choosing a computable 
general equilibrium (CGE) approach for the macroeconomic analysis of C 0 2 
emission limits for China and linking such a CGE model of the Chinese economy 
with a power planning model of China's electricity sector. Moreover, some con-
clusions with respect to the applicability of each approach are drawn. 
4.2 The ad hoc approach 
The ad hoc approach usually comes down to a comparison of a limited number of 
C 0 2 abatement options. It has been exemplified by pairwise comparison of 
nuclear and efficiency abatement strategies (Keepin and Kats, 1988) and by a 
comparative analysis of seventeen different abatement options (Jackson, 1991). 
Investigating and comparing the cost of specific low-C0 2 technologies, for 
example, C 0 2 scrubbing and substitution of methane for oil and gas, fall into this 
category. The main purpose of such a comparison is to identify cost-efficient 
technologies for achieving the specified goals. Moreover, it allows for ranking 
the options examined in terms of their cost-effectiveness and hence prioritizes 
investments in greenhouse abatement. For instance, Keepin and Kats (1988) show 
that, in the USA, improving electric efficiency is nearly seven times cheaper than 
switching to nuclear power in order to achieve a given amount of C 0 2 reduc-
tions. Thus revitalizing nuclear power would be a relatively expensive and 
ineffective response, thereby representing a serious misallocation of resources in 
any bona fide attempt to mitigate global warming. This conclusion also holds for 
Jackson's study. In Section 8.6, this approach will be used to compare 15 types 
of power plants in China in terms of both the levelized cost of generation and the 
marginal cost of C 0 2 reduction. 
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Given that the costs and timing of alternative options to limit C 0 2 
emissions differ, the ad hoc approach, which is based on individual evaluation of 
each option, is not suited for inferring the most cost-efficient mix and scale of 
abatement technologies. Moreover, this approach ignores the transaction costs. In 
the next sections, I will focus on the dynamic optimization, traditional economic, 
computable general equilibrium and hybrid approaches, through which a large 
number of abatement technologies and activities can be examined in order to 
identify an optimal mix of technological options and/or to analyse their economy-
wide impacts. 
4.3 Dynamic optimization approach 
Dynamic optimization models 4 commonly used in the C 0 2 context fall into two 
broad categories. The first category refers to energy-sector optimization models 
(cf. Beaver, 1993). Just as the name implies, energy-sector optimization models, 
including the widely-used MARKAL 5, focus solely on the energy sector and 
often have an explicit, detailed description of an extensive array of energy 
demand and supply technologies and fuels. Upon the representation of these 
technologies and fuels in a 'shopping list' in terms of their technical, economic 
and environmental characteristics, optimization models simulate the competition 
among fuels and technologies, and choose the most cost-efficient mix of technol-
ogies and fuels to meet the various exogenously-determined energy demands and 
to comply with the emission limits if the minimization of discounted cost over the 
entire planning horizon is chosen as the objective function. 
4 Not to be confused with dynamic programming which is used to solve in an 
optimal way complex sequential decision problems (Bellman, 1957). Here 
dynamic optimization models refer to those of an intertemporal structure, which 
maximize discounted utility or rninimize discounted cost over the entire time 
horizon, subject to a set of constraints that tie together time-dependent variables. 
5 MARKAL is an acronym for MARKet ALlocation. For a detailed descrip-
tion of the model and some modifications, see, for example, Zhang (1992) and 
Chapter 8 of this dissertation. 
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Energy-sector optimization models are often of an intertemporal structure, 
and thus allow for interactions between periods. This makes models of this type 
very useful for assessing the potential of new technologies, especially given the 
uncertain parameters characterizing these new technologies (cf. Bergman, 1988). 
Moreover, since models of this type contain great technological detail, they can 
indicate that much can be done to significantly reduce energy consumption 
through a wide range of technological possibilities. Thus, they can also be used 
to look at supply- and demand-oriented policies aimed at curbing energy con-
sumption and hence C 0 2 emissions (cf. Beaver, 1993). 
In modelling the implementation of available technologies, however, 
energy-sector optimization models consider the possibility of substitution among 
different options through absolute shifts. Therefore, they tend to underestimate 
transaction costs and to be too optimistic about potential for market penetration 
(Carraro et al., 1994). 6 Moreover, although models of this type are able to show 
how the various exogenously-determined energy demands can be met at the least 
cost, the level of energy services demanded from the energy system is indepen-
dent of prices. The lack of demand-price interactions is particularly troublesome 
in models of this type if we anticipate that there will be considerable changes in 
relative prices caused by C 0 2 emission limits (Manne and Wene, 1992). This 
also rules out the use of these models for an estimation of rebound effect.7 In 
addition, because models of this type disregard intersectoral linkages (namely, 
there is no mutual interdependence of the energy sector and the rest of the 
economy), they do not say anything about the economic impacts of changes in 
relative prices caused, for example, by the introduction of a carbon tax. This 
would lead to incomplete and less reliable assessments and thus seriously flaw the 
analyses based on such models, in particular when analysing great changes 
6 At the consumer level, for example, market failures such as information 
costs and high discount rates can result in a limited adoption of available options. 
7 The introduction of energy saving technologies does not necessarily lead to 
a proportionate decrease in energy demand because of substitution and income 
effect. The rebound effect, which is defined as the ratio of lost energy savings to 
expected energy savings, is just a means of quantifying this effect. See Jones 
(1993) and Kram (1994). 
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8 The treatment makes it less difficult to gather a consistent international data 
set, while arriving at a meaningful summary of the results. It also lends itself to 
interpretation of the results, particularly for long-term projections and economic 
analysis of energy policies over a century or more on a global scale (Hogan and 
Jorgenson, 1991). 
brought about by a high carbon tax imposed in order to achieve a substantial cut 
in C 0 2 emissions. 
The second category refers to those optimization models with a detailed 
treatment of the energy sector but a highly aggregated description of the econ-
omy. These models are designed to remove some built-in limitations of the 
energy-sector optimization models, and at the same time do not get lost in a high 
degree of technological detail. A good example is ETA-MACRO, which is also 
called GLOBAL 2100 in order to emphasize both the global nature of the carbon 
emission problem and the need for a long-term perspective (Manne and Richard, 
1992). It is a merger between ETA (a process model for Energy Technology 
Assessment) and a MACROeconomic growth model with only one final output 
good in its highly aggregated representation of the economy. In recent modelling 
efforts, Manne and Wene (1992) replace ETA by MARKAL, which has consider-
ably more technological details than ETA, and link MARKAL and MACRO. 
Thanks to the simplified representation of the overall economy in MACRO, 8 this 
linkage has been made possible. The linked MARKAL-MACRO model is 
currently used as an analytical tool for Annex V (Energy Options for Sustainable 
Development) of the Energy Technology Systems Analysis Programme of the 
International Energy Agency (IEA-ETSAP) (cf. Kram, 1994). 
In either GLOBAL 2100 or MARKAL-MACRO, the energy sector is 
linked to the rest of the economy in terms of an aggregated nested CES (constant 
elasticity of substitution) production function, with capital, labour, electric energy 
and non-electric energy as the four inputs. Thus, energy-economy interactions 
occur via energy inputs into the economy in the production function and inter-
industrial payments for energy costs. This makes GLOBAL 2100 and MARKAL-
MACRO able to capture price-induced energy conservation and substitution 
among factors of production for the economy as a whole, thus satisfying the 
macroeconomic policy analysis. In addition, in the latest version of GLOBAL 
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2100, which is the applied general equilibrium extension of GLOBAL 2100, 
called 12RT (12-Region international Trade), the income flows and energy supply 
reactions between regions are modelled consistently. Thus the latest version can 
be used to analyse the feedback effects of international trade (cf. Manne, 1994). 9 
As an illustration of the present type of models the MARKAL model and 
the MARKAL-MACRO model have been compared with respect to a reduction 
of C 0 2 emissions by 50% in 2030 relative to the 1990 level in the Netherlands. 
Figure 4.1 illustrates how the various steps contribute to reducing C 0 2 emissions 
(Kram, 1994). The first two steps in MARKAL-MACRO clearly show a reduc-
tion in C 0 2 emissions by price-induced cuts in GDP growth and specific useful 
energy demand, which cannot be estimated by MARKAL stand-alone. Moreover, 
the feedback effect of rising energy prices on the specific useful energy demand 
is subject to the MACRO elasticity of substitution (ESUB) parameter, with a 
higher ESUB yielding larger decreases in the amount of energy services 
demanded in MARKAL and hence in C 0 2 emissions. 
Although GLOBAL 2100 or MARKAL-MACRO allows for energy-
economy interactions, its highly aggregated description of the economy means 
that neither GLOBAL 2100 nor MARKAL-MACRO can provide detailed 
information on the impacts of compliance with C 0 2 emission limits on individual 
industries. This might be sufficient for global studies, but is clearly insufficient 
for a single-country study. Thus, this would to some extent limit its value as an 
evaluation tool for C 0 2 constrained policy analysis. 
4.4 Input-output and macroeconomic approaches 
In this section, I shall discuss two classes of traditional economic models com-
monly used for the analysis of C 0 2 emission limits: a) input-output (I-O) models, 
and b) macroeconomic models. 
9 The earlier version of GLOBAL 2100 allows also for international trade in 
carbon emission rights (Manne and Richels, 1992). However, the model suffers 
from lack of world trade consistency, because its regional submodels have not 
been linked. 
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Figure 4.1 MARKAL versus MARKAL-MACRO: Steps to reduce C02 emissions 
Source: Kram (1994). 
I start with the 1-0 models. The traditional 1-0 models describe system-
atically the complex sectoral interrelationships in an economy and record the 
many transactions taking place between the producing sectors of an economy by 
means of a set of easily solvable simultaneous linear equations. To be useful for 
environmental policy analysis, the traditional 1-0 models have been extended to 
take account of relationships between economic activities and the environment 
(see for example Miller and Blair (1985) and Pearson (1989) for a further 
discussion). Less ambitious extensions along this line have involved adding extra 
rows to represent the generation of pollutants, and sometimes extra columns to 
represent pollution abatement activities (cf. Leontief, 1970; Miller and Blair, 
1985; Pearson, 1989). 
In this way, I-O models have been used in a variety of applications, 
including the analysis of C 0 2 emission limits. A good example is the work of 
Proops et al. (1993). It estimates the structural adjustments necessary to achieve 
a 20% reduction in C 0 2 emissions over 20 years (approximately a 1% per annum 
reduction in C 0 2 emissions) for Germany and the UK, using the input-output 
Table 4.1 Changes in final demand (% change p.a.; -: declines) 
Sector Germany UK 
1 Agriculture -0.17 -0.09 
2 Forestry & Fishing -0.03 -0.01 
3 Electricity: fossil generation 0.00 0.00 
4 Electricity: other generation 0.00 0.00 
5 Electricity: distribution -2.56 -2.47 
6 Gas -0.02 -0.05 
7 Water -0.01 -0.03 
8 Coal extraction, coke ovens, etc -0.17 -0.05 
9 Extraction of metalliferous ores -0.01 0.00 
10 Extraction of mineral oil and gas 0.00 -0.04 
11 Chemical products -1.19 -0.64 
12 Mineral oil processing -0.11 -0.24 
13 Processing of plastics -0.11 -0.04 
14 Rubber products -0.04 -0.03 
15 Stone, clay, cement -0.11 -0.05 
16 Glass, ceramic goods -0.10 -0.04 
17 Iron and steel, steel products -0.60 -0.20 
18 Non-ferrous metals -0.13 -0.09 
19 Foundries -0.02 -0.01 
20 Production of steel etc -0.09 -0.13 
21 Mechanical engineering -0.51 -0.23 
22 Office machines -0.07 -0.02 
23 Motor vehicles -0.77 -0.25 
24 Shipbuilding -0.02 -0.04 
25 Aerospace equipment -0.03 -0.08 
26 Electrical engineering -0.35 -0.20 
27 Instrument engineering -0.05 -0.02 
28 Engineers' small tools -0.17 -0.02 
29 Music instruments, toys, etc -0.03 -0.02 
30 Timber processing -0.02 -0.02 
31 Wooden furniture -0.14 -0.07 
32 Pulp, paper, board -0.14 -0.03 
33 Paper and board products -0.06 -0.03 
34 Printing and publishing -0.02 -0.04 
35 Leather, leather goods, footwear -0.02 -0.02 
36 Textile goods -0.16 -0.08 
37 Clothes -0.08 -0.03 
38 Food -0.92 -0.48 
39 Drink -0.12 -0.14 
40 Tobacco -0.02 -0.02 
41 Construction -0.85 -0.67 
42 Trade wholesale & retail -0.83 -0.84 
43 Traffic & transport services -0.63 -0.64 
44 Telecommunications -0.05 -0.05 
45 Banking, finance, insurance, etc -0.39 -0.22 
46 Hotels, catering, etc -0.28 -0.21 
47 Other services -0.51 -0.07 
GDP -0.57 -0.43 
Source: Proops et al. (1993). 
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models for the German and UK economies of 47 sectors. Table 4.1 shows the 
results of this calculation, when there are no GDP growth or employment growth 
constraints. The results suggest that to achieve the C 0 2 emissions limits would 
come at the expense of about half that rate of reduction in GDP in both countries. 
With respect to the sectoral impact, it is also shown that all sectors are required 
to reduce final demand, with Electricity Distribution (Sector 5) recording the 
largest rate of reduction for both Germany (-2.56% p.a.) and the UK (-2.47% 
p.a.). 
1-0 models contain a far higher degree of sectoral detail than the dynamic 
optimization models, macroeconomic models and computable general equilibrium 
models discussed below, because the computational capabilities of powerful PCs 
make it possible to solve 1-0 models with several dozens of sectors without 
complication and within reasonable time. Consequently, 1-0 models are most 
often used where it is important to analyse the detailed sectoral consequences of 
carbon abatement policies (cf. Fankhauser and McCoy, 1995). However, the high 
sectoral disaggregation of 1-0 models has its price. To be able to cope with a 
large number of sectors, 1-0 models impose a set of strong restrictions, including 
fixed input-output coefficients,1 0 constant returns to scale, perfect factor supply, 
and exogenously-determined final demand. This, in turn, restricts 1-0 models to 
short-run analysis and means that 1-0 models paint a somewhat distorted picture 
of an essentially nonlinear world (cf. Pearson, 1989; Fankhauser and McCoy, 
1995). 
Now I consider the macroeconomic models. Just as 1-0 models, 
macroeconomic models are demand-driven, but macroeconomic models go 
beyond 1-0 models by carefully modelling the role of prices and by incorporating 
1 0 Under the assumption of fixed input-output coefficients, i.e. the assumption 
of no substitution between various fuels and between fuels and other inputs in 
production, we expect that the carbon tax required to achieve the same reduction 
in C 0 2 emissions is higher than if such a substitution is allowed. This has been 
confirmed by the study of Symons and Proops et al. (1994), the results of which 
suggest that within an input-output framework the carbon tax required to reduce 
20% in C 0 2 emissions attributable to household consumption of goods in the UK 
is higher than the estimates for carbon taxes that would achieve the Toronto 
target and where such substitution is allowed. 
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the supply-side equilibrating mechanisms. Models of this type are neo-Keynesian 
in spirit in that the final demand remains the principal determinant of the size of 
the economy and in that macroeconomic models include neoclassical repre-
sentation of the supply side of the economy. In macroeconomic models, the 
equilibrating mechanisms work through quantity adjustments rather than price 
adjustments as in the CGE models. Thus, macroeconomic models allow for 
temporary disequilibria in the markets for products, labour and foreign exchange, 
which are represented by the underutilization of production capacities, unemploy-
ment, and the imbalance on current account respectively (cf. Capros and Kara-
deloglou et al, 1990a). 
There are many macroeconomic models in existence. A good example is 
the HERMES model. It was constructed on behalf of the CEC initially for a 
Harmonized European Research for Macrosectoral and Energy Systems (cf. 
Italianer, 1986). HERMES has been expanded to accommodate issues surround-
ing emissions of pollutants, and is used to evaluate the economic consequences of 
the introduction of a carbon/energy tax. 
Table 4.2 shows the impact of the CEC tax1 1 on GDP, unemployment 
and inflation for the four greatest economies of the EC using the HERMES 
model, separately and together. The three columns present scenarios under which 
the tax revenues are retained by the government to reduce public deficit or are 
recycled into the economy by means of reducing either personal income taxes or 
employers' social security contributions. It can been seen that the effects of 
recycling the tax revenues on both GDP and employment are markedly less 
negative than in the tax retention case and that the macroeconomic effects of 
reducing social security taxes are more positive than in the direct tax offset case. 
This highlights that the 'double dividend' feature of a carbon tax has important 
implications for 'green tax swaps' for distortionary taxes. 1 2 
It is generally thought that macroeconomic models are often more related 
to reality than CGE models, because a number of interrelated equations in 
1 1 For a description of the CEC tax, see Section 2.5. 
1 2 For a further discussion, see the treatment of the carbon tax revenues in 
Sections 2.5 and 7.4. 
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macroeconomic models are determined by the traditional econometric approach, 
which relies largely on reliable time-series data for sufficiently long periods (cf. 
de Melo, 1988; Boero et ah, 1991). Consequently, these models are able to 
capture the transitional impacts of exogenous shocks caused, for example, by the 
introduction of a carbon tax on such main economic indexes as inflation and 
unemployment, which are crucial and dominate the decision-making process in 
particular in the short run (cf. Borges, 1986). This makes macroeconomic models 
a persuasive instrument in influencing decision making (Fankhauser and McCoy, 
1995). 
Table 4.2 Main macroeconomic effects of the CEC tax in 2005 
Direct taxes Social security Public deficit 
1. GDP (percentage deviations relative to baseline) 
France -0.7 -0.3 -0.92 
FR Germany -0.6 -0.2 -1.37 
Italy -0.0 0.2 -2.19 
United Kingdom -0.7 -0.2 -2.05 
Europe 4 -0.53 -0.12 
2. Unemployment rate (percentage deviations relative to baseline) 
France -0.0 -0.2 0.03 
FR Germany -0.3 -0.7 -0.7 
Italy -0.0 -0.2 0.43 
United Kingdom 0.4 -0.1 0.78 
Europe 4 0.01 -0.37 
3. Consumer price index (percentage deviations relative to baseline) 
France 4.3 3.2 
FR Germany 2.7 2.0 
Italy 1.8 -0.5 
United Kingdom 5.5 3.1 
Europe 4 3.54 1.92 
Sources: Karadeloglou (1992) and Standaert (1992). 
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Behavioural patterns used in macroeconomic models, however, may be 
subject to what has been called the Lucas critique (Lucas, 1976) - past behaviour 
may no longer hold true in the light of rational expectations regarding policy 
actions. 1 3 If this is so, then the estimated effects of policy actions will be incor-
rect. Clearly, this critique indicates that macroeconomic models are an inappro-
priate tool for analysing the economic effects of large changes in the demand 
and/or supply structure of an economy and those questions of long-run nature. 
This weakness limits their applicability to the analysis of a high carbon tax, 
because the short-run focus of macroeconomic models does not coincide with the 
time required for a carbon tax to materialize and because their usefulness in 
analysing the effects of 'low' carbon taxes by no means guarantees their reliabil-
ity in the analysis of high carbon taxes required for achieving a substantial cut in 
C 0 2 emissions, say, the Toronto target. 
4.5 Computable general equilibrium approach 
An environmental policy aimed at curbing C 0 2 emissions by means of a carbon 
tax will change the relative prices of goods. Carbon-free or low-carbon contain-
ing goods and services become cheaper than those of high carbon-intensity. Such 
changes in the relative prices will lead to a shift away from high-carbon energy, 
away from energy towards capital and labour, and away from carbon intensive 
goods and services. This will have feedback effects on the economic structure 
and products mix, economic growth, the allocation of resources, and the distribu-
tion of income. Clearly, analysing such economy-wide impacts cannot be carried 
out within a partial equilibrium framework. Moreover, if the carbon taxes are 
used to achieve, for example, the Toronto target, they must be non-marginal and 
therefore cannot be estimated reliably by partial equilibrium approaches, I-O 
models or macroeconomic models, which can at best indicate the effects of 'low' 
carbon taxes. Thus, CGE models are called for. 
1 3 See also Mankiw (1990) for a good discussion of the Lucas critique in the 
context of the breakdown of the consensus in macroeconomics. 
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Indeed, from a theoretical point of view CGE models are preferred to 1-0 
models and macroeconomic models, because CGE models are based on a solid 
microeconomic foundation. In CGE models, the behaviour of economic agents is 
modelled explicitly and is based on microeconomic optimization principles, 
whereas macroeconomic models pay less attention to economic theory and more 
attention to time-series data. CGE models often operate by simulating the 
operating of markets for factors, products and foreign exchange, with equations 
specifying supply and demand behaviour across all markets, and are endoge-
nously solved for a set of equilibrium wages, prices and an exchange rate to clear 
these markets. CGE models are Walrasian in spirit in that the equilibrating 
mechanisms work through changes in relative prices. The equilibrium solution to 
CGE models produces a wealth of detailed information, including market clearing 
prices and quantities for sectoral output, investment, employment, foreign trade, 
energy consumption and C 0 2 emissions. 
While macroeconomic models pay specific attention to modelling transi-
tional adjustment costs associated with policy changes or exogenous shocks, CGE 
models place emphasis on exanhning the economy in different states of equilib-
rium instead. Recognizing that it can take considerable time for prices to adjust to 
bring supply and demand back into equilibrium, CGE models are essentially 
long-run in conception (Boero et al, 1991; Fankhauser and McCoy, 1995). 
Moreover, in CGE models, parameters in utility functions and production 
functions are structural parameters, representing tastes and technologies. This 
makes CGE models less vulnerable to the Lucas critique (Bovenberg, 1985). 
Further, CGE models include a government sector, so the effects of alternative 
means of recycling the revenues generated by carbon taxes can be analysed.1 4 
From the preceding discussion, it is not surprising that CGE models are 
widely used to analyse the economic effects of limiting C 0 2 emissions, at both 
national and international levels. Examples of national level are the works of 
Bergman (1991) for Sweden, Ingham and Ulph (1991) for the United Kingdom, 
1 4 See Section 2.5.3 for a discussion about alternative carbon tax recycling 
options and Section 7.4 for analysing the economic impact of carbon taxes for 
China under the four indirect tax offset scenarios. 
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Glomsrad et al. (1992) for Norway, Proost and van Regemorter (1992) for 
Belgium, Stephan et al. (1992) for Switzerland, Conrad and Schroder (1991, 
1993) for Germany, Jorgenson and Wilcoxen (1993a, 1993b) for the United 
States, and Beausejour et al. (1995) for Canada, while global studies based on 
CGE models are exemplified by the works of Whalley and Wigle (1991a, 
1991b), Burniaux et al. (1992), Martin et al. (1992), Martins et al. (1992, 1993), 
Pezzey (1992), and Piggott et al. (1992, 1993). 
For analysing the economy-wide impacts of the predefined Chinese 
energy-related C 0 2 emission limits, I have chosen the CGE approach. This 
choice has been motivated by the wide recognition of CGE approach as an 
appropriate tool for such a purpose. In Chapter 5 of this dissertation, first a CGE 
model of the Chinese economy is described, followed by some work done for 
empirical application of the CGE model in Chapter 6. Its application in 
macroeconomic analysis of C 0 2 emission limits for China is presented in Chapter 
7. 
CGE models have, of course, some limitations for practical policy 
decisions. The most frequently mentioned one is the lack of empirical validation 
(Borges, 1986). Although there are some exceptions, most CGE models are 
calibrated rather than econometrically estimated.1 5 The calibration procedure 
often borrows a variety of elasticities from other studies (see Section 6.4 for a 
further discussion). Whatever values of elasticities are chosen, they are difficult 
to defend, because often these studies do not contain the same definitions of 
variables or level of disaggregation. The second weakness concerns the general 
equilibrium assumption. This assumption, combined with that CGE models stress 
relative prices, 1 6 rales out the use of CGE models for analysing traditional 
1 5 Among the examples adopting the traditional econometric approach to CGE 
modelling are the DGEM model for the United States (Jorgenson and Wilcoxen, 
1993a, 1993b) and the work of Glomsred et al. (1992) for Norway. 
1 6 All supply and demand functions in CGE models that are mainly used for 
the allocation of resources are assumed to be homogeneous of degree zero in 
prices. As a consequence, only relative prices are important for the determination 
of the quantities of goods supplied and demanded. Thus, CGE modellers usually 
choose a price index as the price numeraire, and all other prices are measured 
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disequilibrium issues such as inflation and unemployment (Borges, 1986; Boero 
et al., 1991). Another limitation built into most CGE models is the assumption of 
perfect competition. 1 7 Clearly, this is not representative of the real world, where 
many cases of market failure exist, such as monopoly power and imperfect 
competition. 
4.6 Hybrid approach 
As discussed earlier, bottom-up models 1 8 such as energy-sector optimization 
models take a disaggregate approach to modelling energy supply and demand 
(Wilson and Swisher, 1993). They can identify, for example, the potentials of 
energy efficiency improvement to which each energy technology will contribute, 
and provide information on the corresponding costs required to achieve such 
potentials. In bottom-up models, however, the transaction costs associated with 
implementing technologies are underestimated and the feedbacks from and to 
other sectors of an economy are not included. By contrast, top-down models such 
as macroeconomic models and CGE models take a macroeconomic approach to 
modelling energy-economy interactions and the costs of changing them (Wilson 
and Swisher, 1993). They can provide detailed information on the impacts on 
relative to it. For a further discussion, see Section 5.3.9. 
1 7 In principle, this weakness can be overcome. To cite an example, Harris 
(1984) introduces economies of scale in production and imperfect competition in 
an applied general equilibrium model for the analysis of trade liberalization. This 
example remains an exception, however, in the sense that it has not had many 
followers among CGE modellers. The reason would be that incorporating 
economies of scale and imperfect competition into CGE models, though useful 
for a policy study based on a CGE model, would complicate the analysis. Thus, 
for simplicity, a number of CGE modellers adopt the explicit assumption of 
constant returns to scale in production and perfect competition. 
1 8 The so-called bottom-up models refer to those models that typically 
incorporate a detailed representation of technologies for energy supply and use, 
but little representation of markets and none of the rest of the economy. Thus 
these models are often referred to as the engineering models. 
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individual industries. But in top-down models, future energy demand and the cost 
of changing it are to a large extent determined by two macroeconomic parame-
ters, which are respectively known as autonomous (i.e. non-price-induced) energy 
efficiency improvement and the elasticity of price-induced substitution between 
the inputs of capital, labour and energy1 9 and which are neither physically 
observable nor directly measurable (Wilson and Swisher, 1993). Consequently, it 
is impossible for top-down models to indicate from which energy conservation 
originates and to convince energy planners how it can be achieved. 
Given the relative strengths and weaknesses of bottom-up models and top-
down models, these two approaches, rather than competing or substituting, can 
certainly serve to complement each other if they are linked. Because of oper-
ational difficulties in directly linking models of the two types, less ambitious 
attempts in this direction have involved informal linkage between the existing 
bottom-up models and top-down models. The purpose is to establish a consistent 
interaction between these two models, thus shedding light on both economic and 
technological aspects of the control of C 0 2 emissions. Clearly, results based on 
this approach can satisfy both environmental policy analysis and energy planning 
requirement. 
In informally-linked systems, these two models are operated as parallel 
independent units, but the results from one model run can be reflected in the 
other model to arrive at consistent scenarios for economic development, fuel 
choice, cost-efficient mix of energy technologies, and C 0 2 emissions. The 
implementation following this approach has been exemplified by an early study, 
which integrates MENSA, an Australian regionalized version of MARKAL, with 
an Australian input-output model MERG (James et al., 1986). In the informally-
linked MENSA-MERG system, MENSA aims to •define the most efficient 
structure for the allocation of fuels to the various end-use sectors. The evolution 
of structural shifts in the energy system exhibited in the MENSA solution would 
then be reflected in the MERG model as time-dependent intersectoral energy 
coefficients. These in turn would modify the end-use demands for energy within 
1 9 For a further discussion of two macroeconomic parameters, see Section 
5.8.1. 
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2 0 As discussed in Section 4.3, directly linking a simplified top-down model 
with a complicated bottom-up model has been exemplified by the MACRO-
MARKAL model. 
MENSA. Thus, the calculations would proceed iteratively until some convergence 
criterion was satisfied. Recent examples in this tradition are the ongoing works of 
various IEA-ETSAP member countries, which are performed to link a member 
country version of MARKAL with a macroeconomic model of its own (cf. Kram, 
1993b). In this way the energy and environmental effects can be addressed in 
relation to the macroeconomic effects. In Chapter 8 of this dissertation, a CGE 
model of the Chinese economy is linked with a technology-oriented model for 
power system expansion planning. Such a linkage makes it possible to study how 
China's electricity sector is able to comply with the C 0 2 emission limits and the 
resulting macroeconomic implications. 
If a bottom-up model is a simplified energy model, a direct linkage is 
possible. 2 0 A good example is the linked HERMES-MIDAS model (Capros and 
Karadeloglou et al., 1990b). This linkage occurs by eliminating energy equations 
from HERMES and macroeconomic equations from MIDAS (Multinational 
Integrated Demand And Supply), the latter being a country-specific energy 
demand and supply model developed for European countries under the auspices 
of the CEC. Unlike the linkage between MENSA and MERG mentioned above, 
the linked HERMES-MIDAS model is considered a single model, since the 
linkage has been constructed to be formal and numeric by means of interface 
modules performing transformations of linked variables. This linked model has 
been used to evaluate the economic consequences of the introduction of a carbon 
or energy tax for both the economic and energy systems for the four greatest 
economies of the EC (cf. Karadeloglou, 1992). 
While a hybrid approach is able to shed light on both economic and 
technological aspects of the control of C 0 2 emissions, it does present some 
drawbacks. In order to obtain consistent linking results, a hybrid approach needs 
to remove all the inconsistencies built into the two models. This often turns out to 
be cumbersome and time-corisuming. Moreover, top-down models are very 
different from bottom-up models in terms of the discipline from which they 
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originate, which reflects that each modeller approaches the cost estimates for the 
control of C 0 2 emissions starting with the best understood aspects. Thus, a 
hybrid approach adds an extra requirement for cooperation between modellers 
from different disciplines. 
4.7 Concluding remarks 
From the preceding analysis, the following main conclusions can be drawn. First, 
if focus is primarily placed on technological solutions to C 0 2 emission problems, 
dynamic optimization models are very useful. Moreover, in order to prioritize 
investments in carbon abatement technologies, specific cost-effective analysis of 
these technologies is helpful. In this respect the ad hoc approach may be used. 
Second, of a variety of models discussed in this chapter, none contains more 
sectoral detail than input-output models. Therefore, if interest centres mainly on 
the consequences of a carbon tax for the economic structure, input-output models 
are generally considered an appropriate tool for such a purpose. Third, the transi-
tional impacts of a carbon tax on inflation and unemployment can best be 
captured in macroeconomic models. Thus, if focus is placed on an estimation of 
transitional adjustment costs in the short-run, we can rely on macroeconomic 
models. Fourth, CGE models are an appropriate tool for analysing the economic 
effects of great changes in the demand and/or supply structure of an economy 
and those questions of long-run nature. If we want to shed light on long-run 
aspects of a high tax imposed for achieving a substantial cut in C 0 2 emissions, 
CGE models are called for. It is for this reason that a CGE approach has been 
chosen for analysing the macroeconomic impacts of C 0 2 emission limits for 
China, which is the subject of Chapters 5 to 7. Finally, given the relative 
strengths and weaknesses of bottom-up models and top-down models, it is 
worthwhile to link them together so that they complement each other, thus 
shedding light on both economic and technological aspects of the control of C 0 2 
emissions. This has motivated me to link a CGE model of the Chinese economy 
with a technology-oriented model for power system expansion planning in 
China's electricity sector, which is discussed in Chapter 8. 
5 A COMPUTABLE GENERAL EQUILIBRIUM MODEL FOR 
ENERGY AND ENVIRONMENTAL POLICY ANALYSIS 
5.1 Introduction 
This chapter describes a computable general equilibrium (CGE) model for energy 
and environmental policy analysis of the Chinese economy. There were at least 
three reasons for choosing a CGE approach to carry out this case study for 
China. First, the transition in China is taking place from a centrally planned 
economy to a market-oriented one, the latter relying on the increased use of 
market mechanisms and price incentives. The transitional character of the 
economy needs a proper treatment of the agents or actors in the economy, thus 
calling for different structural models given the fact that the traditional modelling 
approaches, such as input-output models and Keynesian demand-driven 
macroeconomic models, are not the appropriate tools for analysing economy-wide 
effects of great changes in the demand and/or supply structure and for those 
questions of long-term nature. The second reason is related to the availability of 
data. Standard econometric models require reliable time-series data for sufficient-
ly long periods (cf. De Melo, 1988). The data are neither available nor appropri-
ate for standard econometric analysis without considerable further preparation to 
remove inconsistencies. Third, in analysing the economic impacts of limiting C 0 2 
emissions, it has been argued in Chapter 4 that a CGE approach is generally 
considered an appropriate tool. 
The CGE model of the Chinese economy operates by simulating the 
operation of markets for factors, products and foreign exchange. It is highly non-
linear, with equations specifying supply and demand behaviour across all 
markets. Moreover, with focus being placed on addressing such energy and 
environmental issues as quantifying the economy-wide effects of policies aimed at 
limiting C 0 2 emissions, our model pays particular attention to modelling the 
energy sector and its linkages to the rest of the economy, because the C 0 2 
emissions from fossil fuel combustion in the energy system is the main source of 
man-made C 0 2 emissions, which in turn are the major cause of the greenhouse 
effect. This makes our CGE model different from other CGE models for China 
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in several aspects.1 In our CGE model, energy use is disaggregated into coal, 
oil, natural gas and electricity. Along with capital, labour and intermediate 
inputs, the four energy inputs are regarded as the basic inputs into the nested 
constant elasticity of substitution-Leontief production function. Moreover, our 
model incorporates an explicit time dimension, and has a transparent representa-
tion of the rate of autonomous energy efficiency improvement (AEEI) unrelated 
to energy price increases if dynamic linkages proceed. So, the effect of the AEEI 
parameter can easily be assessed. Thus, our CGE model, which is also rich in 
treatment of foreign trade and is appropriate for modelling the household 
consumption, allows endogenous substitution among energy inputs and alternative 
allocation of resources as well as endogenous determination of foreign trade and 
household consumption in the Chinese economy in order to cope with the 
environmental restrictions, at both sectoral and macroeconomic levels. The 
equilibrium solution to the model for a given year produces a wealth of detailed 
information, including market clearing prices, GNP, productivity levels by 
industry, investment by industry, final consumption levels by commodity, 
employment by industry, imports and exports by commodity, fuel-specific 
production in physical terms, energy consumption patterns, and C 0 2 emissions. 
Moreover, the Hicksian equivalent variation is calculated to measure the welfare 
impacts of, say, emission abatement policies. Furthermore, the CGE model 
1 The literature on the development of CGE models for China is growing. 
Byrd (1989) examined the impacts of planning and the efficiency of markets in 
the two-tier plan/market system in Chinese state-owned industry using a static 
general equilibrium model. Because it is purely analytic, Byrd's model is unable 
to provide any indication of the order-of-magnitude of the effects of policy 
changes. Martin (1990) used a linearized CGE model of the ORANI type (Dixon 
et al, 1982) to analyse the effects of exchange rate devaluation on the Chinese 
economy. Revising the data base of 1981 from the World Bank (1985b), Shi 
(1991) constructed a 8-sector static CGE model for energy and foreign trade 
policy analysis. The recent CGE model of the Chinese economy is that of Garba-
ccio (1994), which includes an explicit representation of the two-tier plan/market 
system and is used to analyse the sectoral effects of reforms in pricing and 
taxation. All these models lack dynamics and are used for comparative-static 
analyses. 
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incorporates an explicit tax system. This makes it suitable for estimating the 
'double dividend' from the imposition of a carbon tax. 
The remainder of this chapter proceeds as follows. Sections 5.2 to 5.10 
describe the model equations for the following blocks: production and factors, 
prices, income, expenditures, investment and capital accumulation, foreign trade, 
energy and environment, welfare measures, and market clearing conditions and 
macroeconomic balances. In Section 5.11, some concluding remarks with respect 
to directions for further work are drawn. In describing the equations, the endoge-
nous variables are denoted by capital letters, whereas the exogenous ones or 
parameters are written in lower-case letters, Greek letters and letters with a bar. 
The indices i and j refer to sectors or goods, t in parentheses to time period, and 
h to type of household. The meaning of a symbol is explained on first use. 
5.2 Production and factors 
The production block includes ten sectors: agriculture, heavy industry, light 
industry, transport, construction, services, coal, oil, natural gas and electricity. 
The first six sectors are associated with the production of goods and services, 
while the last four relate to the supply and distribution of energy. All sectors are 
assumed to operate at constant returns to scale. 2 In each sector gross output is 
produced using four energy inputs, capital, labour and intermediate goods and 
services, with the substitution taking place across energy inputs, capital and 
labour. 
5.2.1 Production function 
2 Harris (1984) introduces economies of scale in production in an applied 
general equilibrium model for the analysis of trade liberalization. This example 
remains an exception, however, in the sense that it has not had many followers 
among CGE modellers. The reason would be that incorporating economies of 
scale into CGE models, though useful for a policy study based on a CGE model, 
would complicate the analysis. Thus, for simplicity, CGE modellers adopt the 
explicit assumption of constant returns to scale in production. 
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The technology of production is represented by nested constant elasticity of 
substitution (CES)-Leontief function. It combines Leontief specifications for non-
energy intermediate goods with a nested CES aggregate of composite capital-
labour input and composite energy input. The structure of the production function 
is the same for all sectors, but the elasticities of substitution between various 
inputs may differ across sectors. 
The nesting hierarchy of our CGE model, based on separability assump-
tions, is depicted in Figure 5 .1 . 3 Starting from the bottom, the production 
function is characterized by Cobb-Douglas (CD) aggregations of capital and 
labour to form a value added aggregate (i.e., composite capital-labour input), and 
intermediate inputs of coal, oil, natural gas and electricity to form an energy 
aggregate (i.e., composite energy input). Then, in turn, these two aggregates 
combine, by means of a CES aggregation function, to the composite input 
EVA-Sf). Finally, this composite input is combined with non-energy intermediate 
inputs to produce gross output Q{(t). 
Thus the nested CES-Leontief production function can be expressed as 
follows: 
VA^t) = Ai£XfiM'~°K.(t)a,Li(t)L~a< 
where 
VAff) Composite capital-labour input of sector i in period t. 
At Shift parameter associated with composite capital-labour input of 
sector i. 
Kx(i) Fixed capital stock of sector i in period t. 
L{(t) Employment by sector i in period t. 
ojj Share of capital input in the value added aggregate of sector /. 
t0 Base year. 
3 Nesting refers to functional specification that imposes separability between 
bundles of factors and goods. This makes it possible to separate optimizing 
decisions of agents into several stages. 
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Figure 5.1 Nesting structure of production in the CGE model 
10 
where 
W) 
*t 
VB„(/) 
h 
aeiff) 
E.(t) ^B.-Ylle^'^VEjß)] 
3-1 
Composite energy input of sector i in period t. 
Shift parameter associated with composite energy input of sector i. 
Intermediate input of energy j by sector i in period t. 
Share of energy input of type j in the energy aggregate of sector i, 
with Ej!>7 6^=1. 
Autonomous efficiency improvement in energy use of sector i in 
period (t-tj. 
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EVAffy = Qlt*,VAftf' + (l-a>.)£.(r) p') 1 / P' 
where 
EVA-Xt) Aggregate of inputs from the composite capital-labour and the 
composite energy in sector / in period t. 
Qi Efficiency parameter associated with composite input of capital, 
labour and energy aggregate in sector i. 
COJ Distribution parameter associated with value added aggregate in 
sector i. 
Pi = (ffrl)/ff], where ax is the elasticity of substitution between the 
value added aggregate and the energy aggregate in sector i. 
6 
Qff) = E # +  EVAt® 
where 
Qi(t) Gross output of sector i in period t. 
Oji Input-output coefficients that represent intermediate requirements 
from sector j per unit of output of sector i. 
5.2.2 Unit costs 
The unit costs of the composite capital-labour input VA,(t) and the composite 
energy input £¡(0 as well as the composite input EVA^t) are the duals of produc-
tion functions above: 4 
4 Suppose that the production function of the Cobb-Douglas form is given by 
y = AÏIW'. 
i 
where A denotes the shift parameter, bt the augmentation parameter, at the share 
parameter, and x i the input. Given the input prices w„ the producers are assumed 
to minimize their production costs subject to the production function. Thus, the 
first-order conditions for cost minimization yield the following corresponding cost 
function c(Wj, w2, .... wn, y) and demand functions for input i: 
(continued...) 
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where 
CVA(f) 
UK-Sf) 
Wit) 
I TTir^Y' 
CVA.(t) = -
2 eMô*e-o 
UKß) 
a, 1-a, 
Unit cost of composite capital-labour input of sector i in period t. 
User cost of capital in sector i in period t. 
Wage rate in sector i in period t. 
where 
c m 
FFff) 
1 i u 
CE.® = 
(  PFß ) 
aeißKt-tJ 
Unit cost of composite energy input of sector i in period t. 
User price of fuel of type j in period t. 
( l - o p u / a - o , ) CEVA.(f) = Çl.~1(u>ia>CVA.(tf-a>) + (l-a).)°'C^(f) ( 1 " 0 i ) ) 
where 
CEVA-it) Unit cost of the composite input EVA(t) of sector i in period t. 
5.2.3 Demands for primary factor and intermediate goods 
Given the technology described above, producers are assumed to minimize their 
production costs. Thus, the first-order conditions for cost minimization yield 
Wß) = 1-cc,. K.(t) 
"(...continued) 
c(wv w2, wn, y) = -XI ah. 
\ 1 •/ 
x, 
a.c(wv w2, wp..., wn, y) 
w. 
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PFs(t) ~ b. VEJf) 
CVAff) = 
CEff) 1 - u , 
VA.(t) •1/a, 
Substituting the first-order conditions above into production functions and 
using the unit cost definitions, it is possible to derive the following optimal 
demands for the inputs of labour, capital and intermediate energy of type j : 
L.® = {l-a)PVAjf)QffylW{Û 
K.(t) = afVAffyQfftlUKft) 
Effy 
1-G>. CVAff) 
{ CEfi) j 
VAft) 
VEJt) = -E. i 
1 Eff> " 
a, a). VAffy PFp) 
where 
PVA(t) Value added or net price of sector i in period t. 
The intermediate goods are determined in each non-energy sector by fixed 
input-output coefficients, but in each energy sector by summing over the demands 
for intermediate energy of type i by sector j . Specifically, 
10 i = 1,...,6 
10 m = E Wo® 
>1 
i = 7,..., 10 
where 
Demands for intermediate goods by sector i in period t. 
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5.3 Prices 
The price block presents all the price equations. 
5.3.1 Prices of imports and exports 
The domestic prices of imports are in the Chinese currency yuan and include ad 
valorem taxes, while the world market prices are in U.S. dollars and are 
exogenously determined under the small-country assumption. The exchange rate, 
which is the price of a dollar in terms of the Chinese currency, is used to convert 
U.S. dollars into yuan. Thus, the domestic prices of imports in a tariff-ridden 
economy are determined by 
PMff) = (Utm)-PWM ftyEMt) 
where 
PM,(t) Domestic price of imports of good i in period /. 
tms Import tariff rate of good i. 
PWMt(t) World (dollar) price of imports of good i in period t. 
ER(t) Exchange rate between US$ and domestic currency in period t. 
Analogous to the import price relation, the domestic prices of exports can 
be written as: 
PX^t) = (l+te^PWXftyERit) 
where 
PX\(t) Domestic price of Chinese exports by sector of origin i in period t. 
PWX-Sf) World (dollar) price of Chinese exports by sector of origin i in 
period t. 
tex Export subsidy rate of good i. 
5.3.2 Price of composite commodity 
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Under the assumption of cost minimization by the users of imports and domestic 
goods, the price of composite commodity is determined by the corresponding unit 
cost function that is dual to the CES aggregation function, namely: 
where 
Pi(t) Composite price of commodity i in period t. 
PD,(t) Price of domestic good i in period t. 
T f Shift parameter associated with composite commodity i in import 
demand function. 
lix Share parameter associated with imported good i in import demand 
function. 
i|f ,• Price elasticity of substitution between imported and domestically-
produced commodity i. 
5.3.3 Domestic sale price 
The sale price of domestically-produced commodity i is defined as an average of 
domestic price of exports PX^f) and domestic good price PD,(t): 
PSffy = (pXffiXffi * PD.(t)Dlt))IQff) 
where 
PS-Sf) Sale price of domestically-produced commodity i in period t. 
X-Sf) Total exports of commodity i in period t. 
Dt(t) Total domestic demand for domestic commodity i in period t. 
5.3.4 Sectoral net price 
The sectoral net price is defined as the output price minus indirect taxes and the 
cost of intermediate inputs: 
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PVA(t) = PS.(t)il-itaxJ - Y.afi® 
where 
itax; Indirect enterprise tax rate of sector i. 
5.3.5 Price of capital services 
The price of capital services in sector i is calculated as a weighted average 
according to the composition of capital used in that sector (by sector of origin): 
PK.(t) = £ w> 
where 
PK(t) Price of fixed capital goods in sector i in period t. 
sfït Fixed capital composition coefficients that represent the share of 
sector j in total fixed capital investment of sector i. 
PKlt) differs across sectors, reflecting the fact that capital used in 
different sectors is heterogeneous. 
5.3.6 User price of capital 
Once PK(t) is determined, the user price of capital is calculated by 
where 
ôj Depreciation rate of fixed assets in sector i. 
R Real rate of interest. 
5.3.7 User price of fuels 
The user prices of fuels are determined by the following formula: 
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Y(t) PINDEX(t) 
RY(f) 
where 
5 The GNP deflator is a convenient choice. Any other price index could be 
used as the price numeraire. Other common choices in CGE models include a 
consumer or producer price index, exchange rate, or wage (cf. Dixon et al., 
1982; Dixon and Parmenter, 1994; De Melo and Robinson, 1989; Jorgenson and 
Wilcoxen, 1989). 
PP.(t) = (Uxf/m-P/f) 
where rfs{t) is the ad valorem tax rate on fuel j in period t. It is converted from a 
given carbon tax. See the energy and environment block. 
5.3.8 Price of consumer goods 
Denoting the transformation matrix by trn (see Section 5.5.1 for a further 
discussion of this matrix), the prices of consumer goods are determined by 
6 10 
PCf$ = Y.»v*fà + E^-pF«« 
¡=1 i=7 
where 
PCj(t) Price of consumer good j in period t. 
5.3.9 Price numéraire 
All supply and demand functions in the CGE model are assumed to be homo-
geneous of degree zero in prices. As a consequence, only relative prices are 
important for the determination of the quantities of goods supplied and demanded. 
Moreover, we focus on multisectoral issues of growth, resource allocation, and 
structural change rather than analysing the causes of inflation. Thus, the GNP 
price deflator PINDEX(t) is chosen as the price numéraire.5 It equals nominal 
GNP Y(f) divided by real GNP RY(t). Thus, the normalization equation will take 
the form 
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PINDEX(f) GNP price deflator in period t. 
Y(t) Total nominal GNP in period t. 
RY(t) Real GNP in period t. 
PINDEX(f) is fixed exogenously and all other prices are measured relative 
to it. For simplicity, all prices are assumed to be equal to one in the base year. 
In this way, the benchmark data are set in value terms, with no need to specify 
the underlying volumes. 
5.4 Income 
The income block determines national income and the distribution of income 
among enterprises, households and the government. 
5.4.1 National income 
Nominal national income or nominal GNP is calculated at market prices. It is 
determined as the sum of value added plus indirect taxes and tariffs less export 
subsidies. Thus, we have 
Y(f) = ^IPVAjfy-Qfffl + INDT(t) + TARIFFff) - NETSUB(t) 
i 
where 
INDT(t) Total indirect tax revenue in period t. 
TARIFF(t) Tariff revenue in period t. 
NETSUB(t) Total export subsidies in period t. 
By contrast, real national income or real GNP is calculated from the 
expenditure side. It is defined as 
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i \h 
where 
c/hl(o Final demand for goods from sector i by household h in period t. 
G.(t) 
Flit) 
SK-it) 
Mit) 
Government consumption of goods supplied by sector i in period t. 
Volume of fixed investment goods supplied by sector i in period t. 
Circulating capital investment by sector i in period t. 
Total imports in sector i in period t. 
In the base year, Y(t) = RY(t). Thus, the model calibration to be dis-
cussed in the next chapter should make sure that this condition is satisfied. 
5.4.2 Factor income 
The factor income includes labour income and capital income. The labour income 
is simply the product of the wage rate and employment: 
The wage rates in each sector are assumed to grow at the same rate. This 
specification for structural rigidity of sectoral wage rates reflects the wage match 
behaviour among sectors (cf. Chen, 1990). Moreover, the overall growth rate of 
wage in each period is assumed to be flexible enough to clear the labour market 
which is treated as though it is competitive. In nominal terms, the wage rates 
thus adjust according to the Laspeyres price index of consumer goods: 
WB.(t) = Wfd-Lffy 
where 
WB-it) Wage bill or labour income in sector i in period t. 
W.(t) = (l+GRW(t))<wo.-CPI(t) 
where 
GRW(t) Overall growth rate of wage in period t. 
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wo-, Base year wage rate in sector i. 
CPI(t) Laspeyres consumer price index in period t, defined as 
cot Base year consumption of consumer good i. 
pco-, Base year price of consumer good i. 
Capital income is determined as the difference between the value added 
minus labour income, namely 
YKffi = PVAffyQfj) - WBfft 
where 
YK{(t) Capital income in sector i in period t. 
5.4.3 Net enterprise income 
Net enterprise income or distributed profits to households is defined as capital 
income and transfer payments from the government, net of enterprise taxes, 
retained earnings which go to the capital account, and depreciation (Robinson et 
al., 1990). 
YE(f) = Y, YKi® + GENT® - ESAVif) - ETAX(t) - DEPRif) 
where 
YE(i) Net enterprise income in period t. 
GENT(f) Government transfer payments to enterprises in period t. 
DEPR(t) Total value of depreciation of fixed capital stock in period t. 
ETAX(t) Enterprise tax revenue in period /. 
ESAVif) Total nominal enterprise savings in period t. 
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ESAV(t) is in turn determined through a fixed rate of enterprise retained 
profits: 
5.4.4 Household income 
The income received by households includes labour income, distributed profits 
from enterprises, transfers from the government, and remittances from abroad. In 
the context of C 0 2 emissions, a part of the carbon tax revenues may be redistrib-
uted to households in order to compensate them from suffering from the carbon 
tax. By apportioning income from each source to the households of different 
types according to the fixed shares, total income received by the different house-
hold categories in period t can thus be written as 
Yh(t) = wsh(t)J2 WBJ® + esh(f)-YE(t) + tsh(t)-HHT(t) + rsh(t) -ER(t) -REMIT(t) 
where 
esr(f) Enterprise saving rate in period t. 
+ 
where 
Total income of household h in period t. 
REMLT(t) Net remittances from abroad in US dollars in period t. 
HHT(f) Government transfer payments to households in period t. 
RC(t) Total government revenue from the proceeds of tax levied on 
carbon emissions in period t. 
esh(t) Share of household h in total distributed profits from enterprises in 
period t. 
rsh(f) Share of household h in total remittances from abroad in period t. 
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rt(t) Portion of the carbon tax revenues redistributed to households in 
period t.6 
tsh(t) Share of household h in total government transfers in period t. 
wsh(t) Share of household h in total wage bill in period t. 
Denoting the household income tax rate by htaxh, the household disposable 
income is determined by 
YDh(f) = (l-htaxhyYh(f) 
where 
YDh(t) Disposable income of household h in period t. 
5.4.5 Government revenues 
Total government revenues are generated from four sources: 1) tariffs; 2) indirect 
taxes; 3) direct taxes and levies; and 4) net foreign borrowing. In the context of 
CO z emissions, an additional source of government revenues is the proceeds of 
tax levied on carbon emissions. Thus, total government revenues can be 
expressed as follows: 
YG(t) = TARIFF® + INDTlf) + HHTAX(t) + ETAX(t) 
+ ER(tyFBO~R(t) + (l-rt(t)yRC(t) 
where 
YG(t) Total nominal government revenues in period t. 
HHTAX(t) Total household tax revenues in period t. 
FBORft) Net foreign borrowing in US dollars in period t. 
6 If rt(t) = 1, the carbon tax revenues are fully redistributed as lump-sum 
transfer on per capita basis to households, whereas, if rt(t) = 0, the carbon tax 
revenues are totally retained in treasury coffers. If rt(f) is somewhere in between, 
this means that a part of the carbon tax revenues is redistributed to households, 
with the rest being kept by the government. 
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RC(f) is discussed in the energy and environment block. TARIFF(t), 
NETSUB(t), INDT(t), HHTAX(t) and ETAX® are in turn determined as: 
TARIFF® = Y^tm.¥WMffyER(f)-M.{t) 
i 
NETSUB® = Y,tei'PWXi®mER®-Xi® 
i 
INDT® = Y^itax{'PSfft-Q$ 
i 
HHTAX® = Y,htaxhYh® 
h 
ETAX® = etx®(52 YK.® - DEPR® + GENT®) 
i 
where 
etx® Enterprise tax rate in period t. 
5.5 Expenditures 
The expenditure block determines the demands for goods and services by 
households and the government.7 
5.5.1 Household consumption 
In deriving household consumption, I start with the general case where there are 
different consumption groups and where the consumption categories differ from 
the sectoral classification of production. 
It is assumed that for each household group one single representative 
consumer allocates a fraction of his income among consumer goods on the basis 
of the extended linear expenditure system (ELES), whereas the rest is saved and 
takes the form of purchases of capital goods. The choice for the ELES was 
essentially motivated by the fact that such system has been estimated on Chinese 
data (Li, Yang and He, 1985). The ELES accounts for the consumption-saving 
7 The detennination of demands for new investment in fixed capital and 
inventories are discussed in the next block. 
A CGE model for energy and environmental policy analysis 125 
choice while at the same time allowing for different income elasticities across 
consumer goods. Following Howe (1975), the ELES is derived from an atemp-
oral maximization of a Stone-Geary function subject to the budget constraint by 
treating saving as an additional good with zero subsistence quantity. In this case, 
it takes the form 
CJfWOPß) = yu + ßJPCß) 
( YDM) 
POPM 
HSAVh(t)IPOPß) = ( l ~ £ ß w ) 
( YDh(t) 
where 
CM 
POPh(t) 
Yw 
POPAt) 
Y,Pcß-yM 
Total consumption of consumer good i by household h in period t. 
Total population of type h in period t. 
Per capita subsistence quantity of consumer good i for household 
h. 
Marginal budget share associated with consumer good / for house-
hold h. 
HSAVdf) Total nominal savings by household h in period t. 
Given the exogenously-specified average budget shares and income 
elasticities of expenditures on good / (C w ) , the marginal budget shares can be 
determined by 
hi 
PCß)-Chft) 
YDAt) 
Total household consumption is the sum of consumer goods. In the ELES 
specification, it is treated as endogenous. Defining the marginal propensity of 
household h to consume —fth = J) P A i - and subtracting savings from disposable 
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income, the following expression for the value of total household consumption 
can be derived: 
h i h \ i j 
Once the consumption of consumer goods and services is determined, it 
can be translated into a demand for intermediate goods through a transformation 
matrix, which defines the contribution of each producing sector to the composi-
tion of each of the final consumer goods and services and is also used to compute 
prices of consumer goods from producer prices (see Section 5.3.8): 8 
= E W > 
i 
where 
CIw(i) Demand for intermediate good i by household h in period t. 
tr^ Amount of intermediate good i required to produce one unit of 
consumer good j , with ?r y =l . 
5.5.2 Government purchases 
As usual, the aggregate real government purchases are set exogenously, and are 
divided among goods by exogenously-fixed expenditure composition coefficients. 
Specifically, 
G.(t) = e.(t)GN(f) 
where 
GN(t) Aggregate real government purchases in period t. 
8 When the consumption categories are the same as the sectoral classification 
of production, the transformation matrix becomes a unit matrix, with the diagonal 
elements being equal to unity and the rest to zero. 
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eit) Expenditure share of commodity i in total government consumption 
in period t, with e,(t) = 1. 
5.6 Investment and capital accumulation 
In this section, I will discuss how to allocate the aggregate investment across 
sectors, to determine the demand for fixed investment goods by sector of origin 
and to calculate the total value of depreciation of fixed capital stock. 
5.6.1 Allocation of investment across sectors 
Section 5.10.2 will discuss how to determine the aggregate nominal gross invest-
ment. Once it is determined, the next step is to allocate the aggregate investment 
across sectors. 
In this study, two kinds of capital investments, i.e., fixed and circulating 
capital investments, are distinguished. Circulating capital investment is the so-
called inventory investment. 
Following Robinson et al. (1990), circulating capital investment by sector 
of destination is determined by exogenous inventory coefficients times produc-
tion, the former of which defines the amount of circulating capital goods required 
as inventory in period t in order to produce one unit of good i in that period. 
SKff) = acffy-Qff) 
where 
acit) Requirement of circulating capital per unit of output i in period t. 
Total nominal fixed capital investment is computed by subtracting from 
the aggregate investment available all investments in circulating capital. Hence, 
DK(f) = INV(t) - Y^PtfySK.® 
i 
where 
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DK(t) Total investment in fixed assets in period t. 
INV(t) Total nominal investment in period t. 
Fixed capital investment is assumed to be allocated among sectors of 
destination according to the exogenously-given share parameters, which sum to 
one over all sectors. Accordingly, the sectoral investment is determined by 
DK.(t) = akffi-DKSfilPKffi 
where 
DKt(t) Investment in fixed assets of sector i in period t. 
akif) A share of sector i in total fixed capital investment in period t, 
with Liaki(t) = l. The share parameters are fixed within one period, 
but can be changed over time to reflect the government priorities 
of sectoral allocation of investable funds.9 
5.6.2 Demand for investment goods 
Once the sectoral investment allocations are determined, investment in fixed 
assets by sector of destination can be translated into a demand for fixed invest-
ment goods by sector of origin through capital composition matrix: 
EW = Y,sUDKft> 
J 
5.6.3 Total value of depreciation 
9 There are alternative ways of determining the time-dependent share parame-
ters. For example, the parameters are adjusted over time according to the relative 
profit rate of each sector compared with the average profit rate in the economy. 
More specifically, sectors with higher-than-average profit rates will get a larger 
share of the investment funds than their share in aggregate capital income (cf. 
Dervis, De Melo and Robinson, 1982). 
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Total value of depreciation of fixed capital stock is simply the sum of sectoral 
depreciation of fixed capital stock. That is, 
DEPPSt) = £o,-PK#W) 
i 
5.7 Foreign trade 
Before turning to treatment of the foreign sector, I discuss briefly the role of 
foreign trade in the Chinese economy, because the ways trade is dealt with in an 
economic model depend to some extent on its role. 
In the pre-reform era, China, much like other socialist countries, adopted 
the doctrine of self-reliance. Foreign trade was thought to be of marginal 
importance. The ideology has changed since the beginning of the economic 
reforms in 1978. Foreign trade has come to play an increasingly important role in 
the Chinese economy. As shown in Table 5.1, in 1978, China's total trade 
(exports plus imports) amounted to US$ 20.6 billion. By 1990, however, this 
figure had risen to US$ 115.4 billion. Accordingly, its trade participation ratio 
(ratio of exports plus imports to GDP) has trebled, from 10.2% to 31.6% over 
the same period. Its trade with the rest of the world now exerts a strong direct 
influence on growth and has a profound indirect effect on the modernization of 
the economy through the impact of technology, marketing skills, as well as 
contacts with other countries (World Bank, 1990a). Clearly, China is no longer 
an solated economy and is becoming an important member of the world trading 
community. 
The rising importance of foreign trade suggests a more flexible treatment 
rather than a very simplistic specification of foreign trade in order to capture the 
empirical reality of two-way trade. 1 0 In applied general equilibrium models, the 
1 0 The World Bank (1985b) constructed a dynamic input-output model to 
analyse long-term patterns of growth and structural change in the Chinese 
economy over the period 1981-2000. In the modelling exercise, foreign trade was 
specified in a very simplistic manner so that foreign trade in a given sector 
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flexibility is usually attained by incorporating the so-called Arrnington specifica-
tion (Shoven and Whalley, 1984), which means that the imports originating from 
the rest of the world are imperfect substitutes for the domestically-produced 
goods. Therefore, the present CGE model of the Chinese economy also adopts 
the concept of product differentiation.11 Accordingly, the model has relative-
price-dependent import demand and export supply functions, reflecting the 
choices by agents at home and abroad between the imported and domestically-
produced goods. This treatment of imports and exports partially insulates the 
domestic price system from changes in world prices (Robinson et al., 1990). In 
addition, I also impose the small-country assumption, which implies that the 
world (dollar) prices of imports and exports are considered to be exogenously 
determined. The detailed specification is as follows. 
5.7.1 Import demand 
In the classical theory of trade it is assumed that domestically-produced goods are 
perfect substitutes for imported goods. For a country such as China, this assump-
tion is troublesome. First, quality differences are frequently observed between 
imports and domestic substitutes. Second, at a level of aggregation of ten sectors, 
the goods are fairly aggregated, so product differentiation does exist in the same 
adjusted merely to fill the gap between domestic demand and supply in each 
period. That is, if demand for domestically-produced goods is greater than 
supply, imports will fill this gap and exports will be fixed at a pre-determined 
ratio of gross output. Conversely, if demand for domestically-produced goods is 
smaller than supply, exports will fill the gap and imports will be fixed at a pre-
determined ratio of domestic demand (cf. World Bank, 1985a). The simplistic 
treatment of China's trade is also shown in the study of Ezaki and Ito (1993), 
who examined the impact of market liberalization in China through a CGE 
approach. In their study, the domestically-produced goods are assumed to be 
perfect substitutes for the imported goods when modelling foreign transactions. 
1 1 The implication of the choice is that a substantial investment is required in 
data gathering, because there is only one single column for net export in the 
current Chinese input-output table and hence imports and exports in gross terms 
need to be estimated for this study. See Section 6.3.1 for a further discussion. 
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sector. In our model, we solve this problem by incorporating the Armington 
specification. Thus, domestic users are taken to use a composite commodity i, 
which is a CES aggregate of imported and domestically-produced goods of type i: 
zfl) = Y ^ e r - + a-jiwo'")"1'" 
where 
ZXf) Total supply of composite commodity i in period t. 
c?i = (l-i|r where TJT . is the price elasticity of substitution 
between imported and domestically-produced commodity i. 
Table 5.1 China's exports and imports 1978 -1990 
1978 1983 1984 1985 1986 1987 1988 1989 1990 
(billions of U.S. dollars) 
Exports 9.7 22.2 26.1 27.3 30.9 39.4 47.5 52.5 62.1 
Imports 10.9 21.4 27.4 42.3 42.9 43.2 55.3 59.1 53.3 
Total trade 20.6 43.6 53.5 69.6 73.8 82.6 102.8 111.6 115.4 
(as percentage of GDP) 
Exports 4.8 8.0 8.9 10.4 11.0 13.0 12.6 12.4 17.0 
Imports 5.4 7.7 9.5 13.5 14.3 13.3 14.6 14.0 14.6 
Total trade 10.2 15.7 18.4 23.9 25.3 26.3 27.2 26.4 31.6 
(as percentage of world trade) 
Exports 0.80 1.33 1.47 1.52 1.56 1.69 1.77 1.70 1.95 
Imports 0.87 1.23 1.41 2.25 1.59 
Sources: State Statistical Bureau (1992a); World Bank (1988b, 1990a, 1992a); 
Singh (1992). 
Given the imperfect substitutes between the goods from two sources of 
supply, the domestic good price PD,(t) and the domestic price of imports PM-Xt), 
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the domestic users are assumed to minimize total expenditure on composite 
commodity i:n 
min [PM.(t)Mt(f) + PD.(t)D.(f)] 
subject to the CES transformation function defined above. Thus, the first-order 
conditions for expenditure minimization yield the following optimal import 
demand: 
Mff) 
Dff) 
This import demand specification implies that the domestic users will 
choose a mix of MXj) and Dx(f), depending on their relative prices. The degree to 
which the domestically-produced goods may be substituted for the imported goods 
is measured by the price elasticity of trade substitution i | i r In the classical theory 
of trade, t(r f is infinity, so that PDXt) = PM-Xt), since if PD,® ever exceeded 
PMXt), DXt) would have to be zero. This is the least realistic case where the 
domestically-produced goods are perfect substitutes for the imported goods. In 
the case where xjr £ = 0, the demand ratio is fixed, so the goods from two 
sources of supply are perfect complements. In the Cobb-Douglas case wherety, 
= 1, the ratio of cost shares is independent of price changes. 1 3 The three cases 
can be considered to be special cases of the demand specification above. In all 
other cases but the special case, as iji, gets larger, the sensitivity of the demand 
ratio (MXt)IDXt)) to changes in the relative prices rises. 
1 2 Total expenditure on composite commodity i by domestic users is deter-
mined by 
Pft)Zft) = PMft)MXt) + PD.(t)D.(t) 
1 3 This is clearly shown when multiplying the demand ratio (M(t)IDXt)) by 
the corresponding price ratio {PM(t)IPDXt)). 
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5.7.2 Export demand 
Being a small country on the export side means that domestic exports only 
constitute a small fraction of the world market for that product, so it may not be 
able to affect the world market price with its exports. Incorporating the product 
differentiation effect, however, a country can certainly increase its market share 
in a certain product by lowering the dollar price of that product. To illustrate 
this, I assume that the world demand functions for Chinese products take the 
following simple constant elasticity form: 
where 
xo, 
PWOft) 
grxif) 
X.(f) = xofi 
PWOXt) 
[PWXßj 
Base year exports of commodity i. 
World (dollar) price of exports of commodity i in period t. 
ex ante annual export growth rate of commodity i in period (t-t0). 
Price elasticity of export demand for commodity i. 
Notice that the export demand for Chinese products specified in this 
manner may exhibit a strong response to changes in the dollar prices of their own 
products (cf. Dervis, De Melo and Robinson, 1982). This may be not realistic. 
Moreover, the specification requires information on the artificial world composite 
prices and the substitution elasticities between the differentiated products on the 
world market (cf. Peerlings, 1993). For these reasons, the specification of export 
demand has been eliminated from this model. 1 4 Instead, the export supply 
functions described below are utilized to determine the exports of Chinese 
products. 
5.7.3 Export supply 
1 4 De Melo and Robinson (1989) and Garbaccio (1994) also dropped the 
export demand specification in their CGE models. 
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On the export side, the assumption of product differentiation is reflected in total 
domestic production, which is assumed to be a constant elasticity of transform-
ation (CET) aggregation function of exported goods and domestically-consumed 
goods. The aggregation is given by 
Oft) = o / v ^ * ' + d-^Dftff' 
where 
$i Shift parameter associated with gross output of sector i in export 
supply function. 
Share parameter associated with exported good i in export supply 
function. 
4>\ — (l+r/j)/}?!, where -q{ is the price elasticity of transformation 
between foreign and domestic sales of commodity i. 
Given the domestic good price PDXf) and the domestic price of exports 
PXXt), the domestic producers are assumed to maximize total profit from sales of 
good r':15 
min [PXXt)XXt) * PDft)Dft)\ 
subject to the CES transformation function defined above. Thus, the first-order 
conditions for profit maximization yield 
Xfi) 
D.(t) 
1-v PXft) 
PDh) 
This export supply function clearly indicates that exports depend on the 
relative prices of exported goods. The degree to which the domestically-produced 
Total profit from sales of good i by domestic producers is determined by 
PSjfyQtf) = PXm& + PD^Dft) 
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goods may be substituted for the exported goods is measured by the elasticity of 
trade transformation. Similar to the discussion in Section 5.7.1, if t\x is infinity, 
the domestically-produced goods are perfect substitutes for the exported goods; if 
r/i = 0, the supply ratio is fixed, so the goods of two types are perfect comple-
ments; and if rjj = -1 , the ratio of revenue shares is independent of price 
changes. 1 6 The three cases are special cases of the supply specification above. In 
all other cases but the special cases, if ^ is positive and large, a small change in 
the relative prices has a large impact on the supply ratio {XXfylD-it)). 
5.7.4 Foreign trade deficit 
Foreign trade deficit in U.S. dollars is defined as 
FTD(t) = ^FWMffy-Mff) - YPWXftyXft) 
i i 
where 
FTD(t) Foreign trade deficit in U.S. dollars in period t. 
5.8 Energy and Environment 
In this section, I first discuss how to incorporate the possibilities of decoupling 
energy consumption and C 0 2 emissions from GDP growth into the CGE model. 
Next, I present the way in which the energy consumption and the corresponding 
C 0 2 emissions are calculated.1 7 Then I introduce the carbon tax as an economic 
instrument designed for limiting C 0 2 emissions. Finally, I provide the way in 
which to analyse the contribution of a change in level and structure of economic 
activity, a change in energy input coefficients, and a change in direct energy 
1 6 This is clearly shown when multiplying the supply ratio (X(t)IDXf)) by the 
corresponding price ratio (PXx(t)IPD-it)). 
1 7 Only C 0 2 emissions from the burning of fossil fuels are calculated; those 
those from deforestation are not taken into account. 
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consumption by households to energy consumption reduction as a result of the 
imposition of carbon taxes. 
5.8.1 Decoupling energy consumption and C0 2 emissions from GDP growth 
Energy consumption and C 0 2 emissions are closely linked to the GDP, but need 
not grow at the same rate as GDP. In the CGE model, the possibilities of 
decoupling energy consumption and C 0 2 from GDP growth are represented by 
two macroeconomic parameters. One is termed AEEI (autonomous energy effi-
ciency improvement). The AEEI parameter accounts for all but energy price-
induced energy conservation. Energy conservation of this type is available at zero 
or negative net cost. In cost-benefit analysis of greenhouse gas control, this 
implies, ceteris paribus, a higher optimal level of emission reduction than when 
abatement costs are always positive (cf. Ayres and Walter, 1991). Energy 
conservation of this type is taking place regardless of the development of energy 
prices. It may be brought about by deliberate changes in public policy, e.g. 
efficiency standards and various utility programmes. It may also occur as a result 
of 'good housekeeping' or of a shift in the economic structure away from energy 
intensive heavy manufacturing towards less energy intensive services (Williams, 
1990; Manne and Richels, 1992). In the case where AEEI lowers the rate of 
growth of C 0 2 emissions over time, and therefore decreases the amount by which 
C 0 2 emissions need to be constrained, the economic impacts of a given carbon 
constraint will also be lower. The second parameter is known as the elasticity of 
price-induced substitution between the inputs of capital, labour and energy. It 
serves as a factor measuring the ease or difficulty of substitution for energy 
during a period of rising energy prices. Thus, energy conservation of the second 
type occurs as a reaction to rising energy prices. 
5.8.2 Computing energy consumption and C0 2 emissions18 
1 8 This procedure of computing energy consumption and C 0 2 emissions has 
also been used in the OECD GREEN model (Burniaux et al, 1992) and the 
DGEM model (Jorgenson and Wilcoxen, 1993a, 1993b). 
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For simplicity, our CGE model is normalized in such a way that all prices are 
equal to one in the base year. As a result, the underlying volumes or quantities 
are equal to the corresponding nominal output values in the base year and do not 
correspond directly to physical units. Thus in order to calculate the amount of 
C 0 2 emissions, real energy consumption per sector is translated into physical 
terms, using energy-specific technical conversion factor, and then the physical 
terms are converted into C 0 2 emissions, using energy-specific emission coeffi-
cients. A similar procedure is applied to the calculation of C 0 2 emissions by 
households. These coefficients are then used to compute C 0 2 emissions in each 
simulation. 
5.8.3 Carbon tax as a means of limiting C0 2 emissions 
Domestic C 0 2 emissions can be reduced by means of emission standards (i.e. 
command-and-control regulations), energy taxes or carbon taxes. Emission 
standards are imposed on one or more branches of industry, which are often the 
most polluting in terms of C 0 2 emissions. According to the theory of environ-
mental economics, emission standards lead to higher costs than economic 
instruments in order to achieve the same reduction of C 0 2 emissions. This has 
been confirmed in the study of Beausejour et al. (1995), the results of which 
show that Canada's GDP loss in 2000 from imposing emission standards on four 
industries (iron and steel, electric utilities, transportation and services) is 33% 
greater than from an energy tax in order to stabilize Canada's C 0 2 emissions at 
1990 levels in the year 2000. This implies that an energy tax is more cost-
effective in meeting an emission target than emission standards. In Section 2.5, 
however, it has been argued that a carbon tax is even more cost-effective in 
terms of target achievement than an energy tax. Moreover, compared with an 
energy tax, a carbon tax is less burdensome in that it raises a smaller amount of 
government revenues for a given reduction of C 0 2 emissions. 1 9 For these 
1 9 Any government revenue is in itself a source of inefficiency, since there is 
no practical way to raise revenue through taxes without causing some distortion. 
Clearly, the finding is in accordance with this basic economic theory and is 
shown in the empirical studies of Jorgenson and Wilcoxen (1993b) and Beause-
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reasons, our CGE model incorporates a carbon tax as a means of achieving the 
pre-defined target of C 0 2 emissions. 
A carbon tax is an excise tax, which is expressed as a fixed amount of 
Chinese currency per ton of C 0 2 emissions. It applies to the consumption of 
primary fuels only. 2 0 Consequently, the energy sector only pays carbon taxes on 
its own use of fuels. Rather than computing optimal carbon taxes, the CGE 
model can be used to simulate the effects of arbitrary carbon taxes, or to 
calculate the taxes that are required to achieve the pre-defined emission target. In 
the latter case where an upper bound on total C 0 2 emissions is imposed, the 
carbon tax is viewed as the equilibrium shadow price associated with the emission 
constraint. 
Given the carbon tax, it is possible to generate the following government 
revenue from the proceeds of this tax: 2 1 
10 10 
new = E E f c * / W ^ 
«=1 7=7 
where 
tc Carbon tax, expressed as a fixed amount of Chinese currency per 
ton of carbon emissions, 
fij C 0 2 emission coefficients of fuel j . 
9) Factor converting real consumption of fuel j into physical terms, 
for example, Terajoules. 
jour et al. (1995). 
2 0 The distinction between a production and a consumption based carbon tax 
would affect the assessments of international incidence. These issues are dis-
cussed in Section 2.5, Whalley (1991), and Whalley and Wigle (1991a, 1991b). 
2 1 This means that all sectors are taxed. Alternatively, only certain sectors are 
taxed. According to the study of Conrad and Schroder (1991), this option is more 
costly than the former in terms of GDP forgone because restricting the tax base 
reduces substitutions in energy use relative to the 'tax everyone' case. 
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Given the government revenues by kind of fuel, a given carbon tax can be 
converted into fuel-specific ad valorem tax rate, xfft), which is defined to be the 
ratio of government fuel-specific revenues to the total values of domestic absorp-
tion of the fuel as follows 
10 tc-E.YQfVEfi) 
PD.(f) -Dß +PM.(t) -Mft)-PDft) -Xß) 
5.8.4 Contribution to energy consumption reduction 
The imposition of a carbon tax will reduce total energy consumption. In order to 
highlight the operation of the different adjustment mechanisms, total energy 
consumption reduction with the carbon constraint relative to the baseline scenario 
is subdivided into four components following Bergman (1988) and Bergman and 
Lundgren (1990). Thus we have the following identity 
TOT(t) = VOL(f)+COMP(t)+INP(f)+DIR(t) 
where 
TOT(t) Total change in energy consumption with and without the carbon 
constraint in period t. 
VOL(t) Change in energy consumption due to a change in aggregate 
production in period t, provided that aggregate production is 
composed in the same way as under the baseline scenario. 
COMP(t) Change in energy consumption due to a change in composition of 
aggregate production in period /. 
INP(t) Change in energy consumption due to a change in energy input 
coefficients in period t. 
DIR(t) Change in energy consumption due to a change in direct energy 
consumption by households in period t. 
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In this identity, TOT(t), VOLXt), COMP(t), INP(t) and DIR(t) are, in turn, 
determined as follows: 
TOT(t) = EDEM c(f)-EDEM b(t) 
10 
VOL® = Yeo\WQQi®-Qbm 
10 
coMP® = Y^MQ'ffyQQm 
i=l 
10 INP(t) = Y[eoc Xt)-eob fMQcft) 
!=1 
10 DIR(t) = 5 ^ [ J S D C W - £ D * ( 0 ] 
¡=1 
where 
EDEM\f) 
EDEMc(t) 
ED\t) 
ED°(f) 
G b i ( 0 
0 * 1 ( 0 
QQM 
eo\{t) 
eo%t) 
Total energy consumption under the baseline scenario in period t. 
Total energy consumption with the carbon constraint in period 
Direct energy consumption by households under the baseline 
scenario in period t. 
Direct energy consumption by households with the carbon con-
straint in period t. 
Gross output of sector i in period t under the baseline scenario. 
Gross output of sector i in period / with the carbon constraint. 
Gross output of sector i in period t with the carbon constraint, pro-
vided that aggregate production is composed in the same way as 
under the baseline scenario. It is calculated as [ < S b i < 0 / ^ i ô b i ( 0 ] x 
W ) . 
Energy-output ratio of sector i in period t under the baseline 
scenario. 
Energy-output ratio of sector i in period t with the carbon con-
straint. 
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In the identity above, energy types are not specified. This implies that the 
decomposition identity can be applied to any energy type: coal, oil, natural gas, 
or electricity. Needless to say, this identity provides a very useful way in which 
to analyse the contribution of each adjustment mechanism to energy consumption 
reduction. 
5.9 Welfare measures 
As in many applied general equilibrium models, our model also takes the 
Hicksian equivalent variation as a measure of the welfare impacts of emission 
abatement policies. 2 2 Equivalent variation takes the pre-policy equilibrium 
income and consumer prices as given and measures the changes in income 
required to obtain post-policy utility level at pre-policy consumer prices. 2 3 This 
can be written as follows: 
EV(t) = E(Us(f), PCb{tj) - E(U\t), PCb(t)) 
= E r c * i G ) £ c *w - EPc^oEcyo 
i h i h 
where 
EV(f) Equivalent variation in period t. 
E(Us(t),PC\t)) Expenditure function2 4 that gives the expenditure necessary 
to achieve post-policy utility level Us(t) at pre-policy con-
sumer prices PCb(t) in period t. 
2 2 Equivalent variation is a convenient choice because it measures the income 
change at pre-policy prices. This makes equivalent variation more suitable for 
comparisons among a variety of policy changes compared with the compensating 
variation. See Boadway and Bruce (1984) and Varian (1992) for a further 
discussion. 
2 3 For this definition of equivalent variation, see Shoven and Whalley (1992). 
For an alternative definition, see Varian (1992). 
2 4 For the definition of an expenditure function, see Varian (1992). 
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E(U\t),PCbi ' ( 0 ) Expenditure function that gives the expenditure necessary to 
achieve pre-policy utility level Ub(t) at pre-policy consumer 
prices PC\t) in period t. 
Vector of pre-policy consumer prices in period /. 
Pre-policy consumer price of good i in period t. 
Pre-policy consumption of consumer good i by household h 
in period t. 
Post-policy consumption of consumer good i by household 
h in period t. 
PC\f) 
PC\(t) 
C 
At each point in time, EV(t) can be calculated according to the equation 
above. If EV(t) is positive, post-policy welfare is improving; if negative, it is 
worsening. 2 5 
5.10 Market clearing conditions and macroeconomic balances 
The last block defines the market clearing conditions and macroeconomic 
balances that the model must satisfy. 
5.10.1 Market clearing conditions 
Our CGE model is of a time-recursive dynamic structure. The agents modelled 
are assumed to behave myopically, thus reacting to current prices only. 
Consequently, the economy evolves in a sequence of period-related, but intertem-
porally uncoordinated, temporary flow equilibria as compared with an intertemp-
2 5 Since expenditure does not include the value of leisure, our welfare 
measures do not reflect all the conventional welfare aspects. A completely 
conventional measure should be based on full consumption, which consists of 
expenditure on non-durables, services of durables, and the value of leisure. In the 
context of 'greening' the conventional measure, account should also be taken of 
the consumption value of environmental services. See, for example, Dasgupta et 
al. (1995) for a detailed discussion of conventional and 'green' national accounts. 
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oral equilibrium under the assumption of perfect foresight (Pereira and Shoven, 
1988; Stephan, 1992; Gunning and Keyzer, 1995). This temporary equilibria are 
taking place in each period such that the market clearing conditions for commod-
ities and primary factors are satisfied. 
i) Product market clearing 
Product market clearing implies that the sectoral supply of composite commod-
ities must equal all domestic demands. Specifically, 
Zfi) = Vft) + EC/W  + Gft) + FIft) * SKJ® 
h 
This condition specifies that the total supply of each composite commodity 
must equal the sum of intermediate demands, consumption demands by house-
holds and government, and investment demands for the composite commodity in 
the same category. 
ii) Labour market clearing 
The standard assumption that labour is viewed as homogeneous and mobile across 
sectors in response to changes in the demands for labour is used in this model 
(Dervis et al., 1982; Martin, 1990). Full employment2 6 and supply of labour 
being wage-inelastic are also assumed (Peerlings, 1993). Thus, in each period, 
the labour market clears when total labour demand by sectors, which is simply 
2 6 An alternative to the full employment with flexible wage rate would be to 
fix the wage rate exogenously and to let the model determine the employment 
level (Dixon et al., 1982). But this specification would not be in line with the 
general equilibrium assumption. Moreover, according to the study of Proost and 
Regemorter (1994), in the context of reducing C 0 2 emissions, the specification is 
much more costly than the former in terms of GDP forgone because fixing the 
wage rate reduces substitutions between labour and energy relative to the flexible 
wage rate case. 
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the sum of endogenously-deterrnined demands for labour in each sector, is equal 
to the exogenously-projected supply of total labour force 
£ L . ( f ) = m) 
i 
where 
LS(t) Total labour force available in period /. 
iii) Capital market clearing 
In the short run, capital is sector-specific. Therefore, unlike the single clearing 
condition for labour market given above, for capital there is a separate market 
clearing equation for each sector in each period. This reflects the assumption 
that, even in the short run, labour is mobile across sectors whereas capital, once 
installed in a sector, is immobile. However, in the long run, capital is assumed to 
be intersectorally mobile. Thus, in each period, the capital market clearing condi-
tion, which is similar to that of labour market, holds, given the exogenously-
determined amount of total fixed capital that 
= FK(t) 
i 
where 
FK(t) Total capital stock available in period t. 
5.10.2 Macroeconomic balances 
In our CGE model, the macroeconomic balances can be seen as describing 
macroeconomic equilibrium conditioas for the government budget, balance of 
trade, and savings-investment balance. Moreover, since the model is closed in 
that it satisfies Walras' Law (cf. Varian, 1992), the three macroeconomic 
balances must satisfy the identity: private savings + government savings + 
foreign savings = aggregate investment. 
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I begin with the government budget. In each period, government revenues 
are assumed to balance with total government expenditures that include govern-
ment purchases, savings, transfer payments to enterprise and households, and 
export subsidies. Thus the government revenue-expenditure balance takes the 
form 
YG(t) = Y, [PftyGft)] + GSAV(t) + GENT® + HHT® + NETSUB(t) 
i 
where 
GSAV(t) Total nominal government savings in period t. It serves as 
the equilibrating variable to keep the balance. 
As far as the surplus on balance of trade is concerned, it is determined as 
the sum of net foreign borrowing, net remittances from abroad, net foreign 
savings and less foreign trade deficit:2 7 
SBT® = FBOR® + REMIT® + FSAV® - FTD(t) 
where 
SBT® A surplus on balance of trade in period t. 
FSAV® Net foreign savings in US dollars in period t. 
The model takes the surplus on balance of trade to be exogenous. 2 8 Also 
net foreign borrowing, remittances from abroad and net foreign savings are set 
exogenously. The effect is that the exchange rate serves as the equilibrating 
variable to ensure the balance of trade constraint. Alternatively, the exchange rate 
2 7 Net foreign borrowing refers to net foreign transfers. Unlike net foreign 
savings that are entered as payment to the capital account from the rest of world, 
net foreign borrowing is distributed among various actors. 
2 8 Similar to the USDA/ERS CGE model (Robinson et al, 1990), our model 
is based on the GNP accounts, so trade in services includes factor services. 
Consequently, the balance of trade in our model is the balance on current 
account. 
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can be fixed (relative to the price numeraire), with the balance of trade and either 
net foreign borrowing or net foreign savings becoming endogenous. 
Now I consider the savings-investment balance. This relates to what is 
known as the macro closure of CGE models. The model operates with the 
'neoclassical closure'. 2 9 The choice for the closure rule is motivated by the 
World Bank's forecast that high rates of savings, which have characterized the 
Chinese economy, are for a number of reasons likely to continue in the medium-
term future (cf. World Bank, 1990d). The rule requires that total savings equals 
aggregate gross investment. The former is defined as the sum of savings by 
households, government and enterprises, depreciation and net foreign savings: 
TSAV(t) = YHSAVh® + GSAV® + ESAVif) + DEPRif) + ER(t)-FSAV(t) 
h 
where 
TSAV(t) Total nominal savings in period t. 
With savings by households and enterprises and depreciation determined 
by fixed savings and depreciation rates, government savings partially determined 
by fixed tax rates, and foreign savings set exogenously, the net effect is that our 
model is a savings-driven model. 
As discussed above, the three macroeconomic balances are not all 
independent, in accordance with Walras' Law. One of them should be dropped in 
order to find a solution. In our model, we drop the savings-investment bal-
ance. 3 0 
2 9 There is extensive literature on alternative macro closures of CGE model. 
The diversity of closure rules reflects the different theoretical views of how the 
macroeconomic system works. See for example Dewatripont and Michel (1987), 
Robinson (1989), and Robinson et al. (1990) for a further discussion. 
3 0 When the system is over-determined and one of the constraints of the CGE 
model must be relaxed in order to find a solution, choosing a particular closure 
rule means precisely deciding which constraint should be dropped (cf. Dewatrip-
ont and Michel, 1987). 
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This completes the description of our CGE model. In the next section, the 
ways the model can be used will be described and some concluding remarks with 
respect to directions for further work will be drawn. 
5.11 Concluding remarks: directions for further work 
The above-described CGE model makes it possible to analyse the Chinese 
economy-energy-environment system interactions simultaneously. While detailed 
application of this model will follow in Chapter 7, this section summarizes the 
ways in which the model can be used. 
First, to make conditional forecasts for economic development, energy 
consumption and C 0 2 emissions in China under a number of the exogenous 
assumptions. In the absence of specific policy aimed at C 0 2 control, such a 
forecast is usually labelled as the baseline scenario or business-as-usual scenario. 
Second, to carry out the counterfactual policy simulations. The counter-
factual scenarios can be specified in terms of the pre-defined carbon limits or 
carbon taxes with and/or without the carbon tax revenue recycling options. Such 
counterfactual simulations allow us to compute the implications of alternative 
carbon limits relative to the business-as-usual scenario, and the efficiency 
improvement of carbon tax revenue recycling scenarios relative to the carbon tax 
retention ones. 
Third, to undertake sensitivity analysis. This is mainly to assess the 
robustness of the simulation results to the key parameter values chosen when 
developing the baseline scenario and counterfactual scenarios. 
Clearly, the CGE model provides a suitable and flexible basis for analy-
sing the economic impacts of compliance with C 0 2 emission limits. Nevertheless, 
there are some areas where there is a need for further methodological and 
empirical work to enrich the policy relevance of the current CGE model. 
a) Incorporating an intertemporal optimization structure 
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The current CGE model is of a time-recursive dynamic structure. The agents 
modelled are assumed to behave myopically, thus reacting to current prices only. 
Consequently, the economy evolves in a sequence of period-related, but intertem-
porally uncoordinated, temporary flow equilibria. This suggests that further 
modelling work is required on incorporating intertemporal optimization decision 
making into the current model by adopting the assumption of perfect foresight, so 
energy producers and consumers will be able to sufficiently foresee the scarcities 
of energy and the environmental restrictions that would be developed during the 
coming decades. 3 1 
This change in behavioural assumptions and hence in the model structure 
is of policy relevance. In the C 0 2 context, the assumption of myopic behaviour 
implies that C 0 2 emission constraints are imposed in the form of annual ceilings, 
so the emission profile over time is completely fixed. For at least two reasons, 
this myopic assumption is not very realistic in terms of credible government 
commitments to curb C 0 2 emissions. First, greenhouse gases are the so-called 
'stock pollutants'. The greenhouse effect is not caused by the flow of emissions 
as such, but by their accumulation in the atmosphere. Thus, the effectiveness of 
abatement policies should be judged in terms of a reduction in accumulated C 0 2 
emissions during the period under consideration, rather than in terms of the 
emissions rate at any particular point in time. Second, imposing a cumulative 
carbon limit provides an additional degree of policy flexibility, since it allows a 
country to optimize its time path of carbon emissions. If total carbon emissions 
with a cumulative carbon limit are set the same as those with an annual carbon 
limit, emission reductions occur later with a cumulative limit than they would 
with an annual limit. This is because the economic costs of carbon abatement are 
minimized if a reduction in C 0 2 emissions occurs later. There are two major 
reasons for this. First, a cumulative carbon limit allows more time for adjust-
3 1 To develop a CGE model of the Chinese economy in the course of one 
Ph.D research, including estimating empirical parameters and carrying out policy 
simulations, is a formidable challenge (Bruggink, 1995). Thus, given time 
constraints, I adopt a time-recursive structure because incorporating an interte-
mporal optimization structure would not only complicate the model but also have 
the additional empirical requirements. 
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merits of technologies and capital. Second, any consumption losses have a heavier 
weight in the maximand than losses in the more distant future, simply because the 
welfare function incorporates discounting considerations. That postponing a 
reduction in C 0 2 emissions would lead to a welfare gain 3 2 has been confirmed 
in the study of Blitzer et al. (1992), the results of which suggest that economic 
performance measured by Egypt's GDP under an accumulative emissions 
constraint is superior to that under an annual emissions constraint. 
This change in the model structure is certainly required for linkage 
between the CGE model and the power planning model presented in Chapter 8. 
The former is of a recursive structure, the latter of an intertemporal one. Clearly, 
the structures of the two models are not compatible with each other. Thus, the 
current CGE model needs to be tailored to the linkage with the power planning 
model in order to obtain meaningful feedback effects of compliance with C 0 2 
limits in China's electricity sector on the macroeconomic indices. 
b) Improving the modelling of production structure 
In the current model, energy inputs, including coal, oil, natural gas and electric-
ity, combine by means of a Cobb-Douglas function into an energy aggregate. 
This specification imposes a unitary elasticity of substitution between a pair of 
inputs. Given the difficulties in saving electricity and the increasing advantages of 
electricity use in new industrial processes, however, there is some evidence that 
fossil fuels can be substituted with electricity with more difficult than with each 
other. This consideration suggests that additional nesting levels in the production 
structure need to be introduced. 
Moreover, relationship between capital and energy in the nesting hier-
archy is controversial, although energy and labour appear uniformly to be substi-
3 2 Within the cost-benefit framework, this conclusion does not always hold, 
since earlier emissions under a cumulative carbon constraint lead to earlier 
warming. Whether or not a cumulative limit policy performs better than an 
annual one will depend on how certain the costs and benefits of emission reduc-
tions are. For a further discussion of this issue, see, for example, Peck and 
Teisberg (1993). 
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tutes (Tietenberg, 1992). Empirical estimates suggesting complementarity 
between the two factors are at least as frequent as findings suggesting 
substitutability (Burniaux et al., 1992; Tietenberg, 1992). This uncertainty, 
combined with that energy and labour are often found to be substitutable to the 
same extent as capital and labour, 3 3 would support a nesting hierarchy based on 
labour and a capital/energy bundle, whereas our model, like most models 
addressing C 0 2 issues, has a nesting hierarchy based on energy and a capi-
tal/labour bundle. Given that fossil fuel combustion is an important source of C 0 2 
emissions, whether capital and energy are complements or substitutes is especial-
ly important in light of the links between energy use and climate change. 3 4 
Thus, investigating the capital/energy relationship further is worthwhile. 
In addition, attention is also paid to incorporating the so-called low-carbon 
or carbon-free backstop technologies, which is considered to be critical in 
reducing the costs induced for compliance with the emission limits (see Section 
2.5 for a further discussion). 
c) Incorporating estimates of the benefits from reduced C0 2 emissions 
The current model is confined to the economic impacts of carbon emission limits. 
This measurement of costs is only part of the story. In order to arrive at an 
overall judgement, policymakers also need the information on the ecological 
damages avoided by the policies aimed at limiting C 0 2 emissions. Without the 
estimates on the benefit side of reduced emissions, there could be a bias towards 
inaction. 3 5 Clearly, it is necessary to quantify the benefits that C 0 2 control 
3 3 This was found in a good survey of the elasticities of substitution between 
capital and labour, energy and labour, and energy and capital (Burniaux et al., 
1992). 
3 4 Reducing fossil fuel consumption to a large extent is the goal of any 
strategy for responding to climate change, indicating that if capital is comple-
mentary to energy, response strategies would have the side effect of reducing the 
rate of capital formulation. 
3 5 See Footnote 2 in Chapter 4. 
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brings about, so policymakers can make their decision balancing both the benefits 
and costs of policy implementation. Unfortunately, information of this type is not 
sufficiently available at present. If it becomes available at some time in the 
future, this should be included in the CGE model. 

6 DATA, MODEL CALIBRATION AND SOLUTION 
6.1 Introduction 
Credible economic policy analysis stands on two legs. One is methodology, and 
the previous chapter has been devoted to advocating computable general equilib-
rium (CGE) modelling for this purpose. The second fundamental requirement is 
the availability of reliable data. This component is essential for empirical 
application of any CGE model, although it is often problematic. 
The essential data required for a well-calibrated CGE model can be aggre-
gated into three broad categories: a) detailed economic accounts, which are 
ideally maintained in the form of a Social Accounting Matrix (SAM); b) struc-
tural parameters; and c) a number of subsidiary data (cf. Roland-Hoist et al., 
1993). The construction of the data base associated with any CGE model requires 
great efforts, since models of the CGE type are data-hungry. This work is crucial 
to the quality of models of this type and their results as well as to the scope of 
their applicability. 
In this chapter, I will discuss the data requirements of the CGE model of 
the Chinese economy and some problems arising from constructing the corre-
sponding data base. Section 6.2 presents the sectoral classification for this study. 
In Section 6.3, the construction of the social accounting matrix is described. The 
determination of structural parameters is given in Section 6.4, while subsidiary 
data are the subject of Section 6.5. In Section 6.6, the solution approaches to 
finding numerical solutions to CGE models are discussed briefly. Section 6.7 
presents some concluding remarks. 
6.2 Sectoral classification 
Before rarning to the construction of the SAM, the sectoral classification for this 
study is first presented in Table 6.1, together with the corresponding sector codes 
of the original 33-sector input-output (I-O) table (State Statistical Bureau, 1991) 
from which the 10-sector is aggregated. The sectoral abbreviation in 
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parenthesises also appears in Table 6.1, which is used to denote the sectors in the 
coming sections when discussing the sector-related parameters and data. 
Table 6.1 Classification of producing sectors in the CGE model 
10-Sector 33-Sector 
1. Agriculture (AGRI) 01 
2. Heavy industry (HIND) 04,05,14-24 
3. Light industry (LIND) 06-10 
4. Transport & Communication (TRCO) 26 
5. Construction (CONS) 25 
6. Services (SERV) 27-33 
7. Coal (CIND) 02,13 
8. Oil (OIND) 03',12 
9. Natural gas (NGAS) 03 1 
10. Electricity (ELEC) 11 
Note: 1 In the 33-sector input-output table, the natural gas sector is part of the 
oil sector. It is separated from the oil sector using the 117-sector input-
output table (State Statistical Bureau, 1991). 
This sectoral aggregation is mainly dictated by the need to facilitate the 
analysis of the policy issues that the CGE model addresses, while trying to 
reduce the time spent on both preparation of the data set necessary for rurining 
the model and computation is taken into account. That is to investigate, among 
other things, endogenous substitution among energy inputs and alternative 
allocation of resources as well as endogenous determination of foreign trade in 
the national economy for coping with the environmental restrictions, at both 
sectoral level and macroeconomic level. 
6.3 Construction of the social accounting matrix 
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An SAM is the cornerstone of a CGE model. It usually starts with an input-
output table. The first Chinese 1-0 tables released are for 1981 (State Statistical 
Bureau, 1986). These tables were compiled according to the Material Product 
System (MPS) and the nonmaterial service sector in these tables excluded many 
service activities being concealed within other sectors, especially in the industrial 
sector. Also public consumption excluded military investment because the MPS 
treats it as a fixed capital investment.1 The World Bank (1985b) compiled its 
own set of tables for 1981 according to both the MPS and the United Nations' 
System of National Accounts (SNA). In 1991, the State Statistical Bureau 
published a set of tables for 1987. In contrast to previous tables, the 1987 I-O 
tables follow the SNA conventions closely, though not exactly. These 1-0 tables 
are aggregated at 6, 33, and 117 sector levels. At the 33-sector level the table 
includes a make (activity by commodity) matrix and a use (commodity by 
activity) matrix. 
In an SAM, each row and column represent the income and expenditure 
accounts of the various actors respectively. The row and column sums must 
balance for each account. In equilibrium, this balance implies: (1) costs (plus 
distributed earnings) exhaust revenues for producers; (2) expenditure (plus taxes 
and savings ) equals income for each actor; and (3) demand for each commodity 
equals its supply (Robinson et al, 1990). More specifically, for an aggregated 
1987 SAM that I have estimated for China following the above-mentioned sector 
classification, the equilibrium condition implies the following: 
Domestic sales for each commodity = Total absorption of that commodity; 
Total sales by activity = Total costs of that activity; 
Total net value added (row sum) = total net value added (column sum); 
Total labour compensation = total household expenditure; 
Enterprise income = enterprise expenditure; 
Government income = government expenditure; 
Total saving = total investment; 
1 The opposite of fixed capital investment is circulating (working) capital 
investment that is often called inventory investment. 
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Foreign trade losses (row sum) = foreign trade losses (column sum); 
Foreign income = foreign expenditure. 
Table 6.2 presents a descriptive SAM for China. An aggregated version 
of the 1987 SAM that I have estimated for China is presented in Table 63? The 
4-sector version is used here for simplicity of exposition, although the CGE 
model for China is calibrated to the 10-sector version. In what follows, I will 
discuss how the data have been assembled and reconciled with the 1987 SAM for 
China, taking the commodity account and the activity account as the examples.3 
6.3.1 Commodity account 
The row of the commodity account describes the domestic demand for goods and 
services. The column keeps track of absorption, which equals the value of goods 
and services supplied to the domestic market through domestic production and 
imports. 
In the row, intermediate demand and government purchases have directly 
been taken from the input-output table (State Statistical Bureau, 1991). Household 
consumption and fixed investment and change in stocks have also been derived 
from the I-O table, but individual terms have been adjusted to eliminate the error 
item in final demand in the table. 
2 In the study of Rose et al. (1994) - see Section 7.5.1 for a further dis-
cussion, the 1990 I-O table is used. It has been estimated by proportionally 
extrapolating sectoral gross output and final demand of the 1987 I-O table based 
on actual GDP growth. This procedure will leave the I-O coefficients unchanged, 
thus making the estimated 1990 table not essentially different from the 1987 one. 
Such being the case, I preferred the 1987 I-O table. Besides, Chinese researchers 
think that the year 1990 is inappropriate as the base year because that year was 
during a period of economic retrenchment and is thus considered abnormal in 
terms of economic performance (Development Research Centre, 1993). 
3 See, for example, Pyatt and Round (1985) for a general discussion of the 
construction and uses of SAM. 
Table8.2 ADracriptivBSocIalAccounthgMatrlxbrChlna* 
1a 
Commodities 
1b 1c 1d 
Activities 
2a 2b 2c 2d 3 4a 4b 5 6 7 8 g 10 
Commodities 
1a Agriculture 
1b hdustry 
1o Consttuotlon 
1d Services 
Intermediate 
Demand 
Household 
Consumption 
Government 
Purchases 
Fixed 
Investment 
& Change 
In Stocks 
Domeestlc 
Sales 
Activities 
2a Agriculture 
2b hdustry 
2c Construction 
2d Services 
Domestic 
Supply 
Export 
Subsidies 
Exports Total 
Sales 
3 Value Added Net Value Added Total Net 
Value Added 
4a Urban Households 
4b Rural Households 
Labour 
Income 
Enterprise 
Transfeis 
to Labour 
Government 
Transfeis to 
Households 
Net 
Foreign 
Remittance 
Total 
Labour 
Compensation 
5 Enterprises Capital 
Income 
Enterprse 
Subsidies 
Enterprfee 
income 
6" Government Tariffs IndirectTaxes Income Taxes 
Direct 
Taxes 
& Levies 
Net 
Foreign 
Bo no who 
Government 
Income 
7 Capital Account Household 
Savings 
Depre. 
8iEnt. 
Savhns 
Government 
Savings 
Net 
Foreign 
Savrigs 
Total 
Savrigs 
8 Foreign Trade 
Losses 
Import Subsidies Foreign Trade 
Subsidies 
9 Rest of World Imports Foreign 
Income 
10 Total Total 
Absorption 
Total 
Costs 
Total Net 
Value 
Added 
Total 
Household 
Expenditure 
Enterprise 
Expenditure 
Government 
Expancti re 
Total 
Investment 
Foreign 
Expenditure 
* Because of space limitation, account numbers only appear abng the top margh.but the readers should keep h mhd flat the accounts are h the same order In both the tows and columns. 
Table 6.3 1987 Social Accounting Matrix for China (100 milbn yuan)* 
Commodities 
1a 1b 1c 1d 2a 
Activities 
2b 2c 2d 3 4 5 6 7 8 9 10 
Commodates 
1a Agriculture 
1b Industry 
1c Construction 
1d Services 
6885 
614.5 
0 
170.7 
1364.9 11.8 
6519.5 1556.5 
0 0 
12026 166.9 
114.1 
1156.7 
0 
6722 
2185.4 
2429 
0 
1195.4 
7.1 
1152 
0 
1207.6 
216.6 
1486.3 
2430.6 
137.7 
4588.4 
13877.7 
2430.6 
4753.1 
Activities 
2a Agriculture 
2b Industry 
2c Construction 
2d Services 
44402 
12408.5 
2430.6 
4575.3 
21.4 
150.8 
0 
0 
214.1 
1253.7 
0 
1683 
4675.7 
13813 
2430.6 
4743.6 
3 VaJueAdded 31502 3837.6 622.5 2572.7 10183 
4 Households 5600 1684.4 122.4 9.3 7416.1 
5 Enterprises 4583 376.4 4959.4 
6 Government 7.1 1353 0 0 51.8 888.4 72.9 227.9 1171 68 2622.4 
7 Capital Account 1606.3 2104 6213 -60.6 42712 
8 Foreign Trade 
Losses 
1722 1722 
9 Rest of World 141.1 13319 0 177.8 16528 
10 Total 4588.4 13877.7 2430.6 4753.1 4675.7 13813 2430.6 4743.6 10183 7416.1 4959.4 2622.4 42712 1722 16528 
* Because of space limitafbn, account numbers only appear along the top margin, but readers should keep in mind that the accounts are in the same order in both the rows and columns. 
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In the column, the control figure for total imports and exports has been 
taken from the World Bank (1990c) 4 and the derivation is given in Table 6.4. 
Except for an 11-sector summary (State Statistical Bureau, 1991), there is one 
single column for net export in the 1987 1-0 table. In order to incorporate 
product differentiation into our model for studying imperfect substitutability 
between imported and domestic goods, we reaggregated imports and exports in 
gross terms from the Customs Statistics (Customs General Administration, 1988) 
to fit the input-output table classifications. The control figure for total tariffs has 
been obtained from the State Statistical Bureau (1992a). Estimates for individual 
sectors have been made using rates of the Official Customs Guide (Customs 
General Administration, 1985). Estimates of the profits and losses on the imports 
and exports of foreign trade cooperations have been made by comparing the 
customs statistics figures (converted to Chinese yuan values) with the net exports 
at domestic prices, the losses of which are seen as import and export subsidies 
paid out of the government budget. Domestic supply (make matrix) has been 
calculated from the SAM itself as a residual. 
Table 6.4 Rest of world account control figures for 1987 
Exports Imports Balance 
(billion US$) 
Exports Imports Balance 
(100 million yuan) 
1) Goods 39.437 39.629 -0.192 1468 1475 -7 
2) Non-factor services 3.494 3.586 -0.092 130 133 -3 
3) Factor services 1.027 1.191 -0.164 38 44 -6 
4) Goods and services 
Total 43.958 44.406 -0.448 1636.1 1652.8 -16.77 
5) Net foreign remittances 0.249 9.3 
6) Net foreign borrowing 68 
7) Net foreign saving 
(residual) -60.6 
Source: World Bank (1990b, 1990c); Customs General Administration (1988). 
4 The control figure for any economic indicator in this chapter refers to 
aggregated number. By comparison with sectoral disaggregated figures, the 
control figure can easily be derived from official publications. Thus the figure 
can help to determine a sectoral figure that is difficult to obtain. 
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6.3.2 Activity account 
The row of the activity account describes the total sales of domestically-produced 
goods on both domestic and foreign markets. The column describes the total costs 
of production, including the demand for intermediate goods and factors of 
production and payments of indirect taxes. 
Each entry in the row has already been described when explaining the 
column of the commodity account. In the column of the activity account, the 
control figure for total indirect taxes has been obtained from the World Bank 
(1990c). Indirect taxes for the industrial sectors have been taken from the State 
Statistical Bureau (1990b), while the corresponding figure for the services has 
been calculated using the rates of Wei et al. (1989). Enterprise subsidies are 
presented in Table 6.5. Dissagregated figures for the industrial sectors have been 
taken from the State Statistical Bureau (1990b). Net value added has been 
calculated as a residual. 
Table 6.5 Government and foreign trade subsidies in 1987 
(100 million yuan) 
1) Foreign trade subsidies1 172.23 
2) Government subsidies 498.80 
2a) Enterprise subsidies2 376.43 
2b) Consumer price subsidies3 122.37 
3) Total4 671.03 
Notes: 1 See the discussion about the column of the commodity account; 
2 (3) - (1) - (2b); 
3 State Statistical Bureau, 1990a; 
4 294.60 (Price subsidies from the State Statistical Bureau, 1992a) + 
376.43 (Subsidies for money-losing enterprises from the State Statistical 
Bureau, 1992a). 
Data, model calibration and solution 161 
6.4 Structural parameters 
Structural parameters for CGE models include behavioural parameters and 
calibrated parameters. These parameters need to be determined before any policy 
simulation by CGE models takes place. 
6.4.1 Behavioural parameters 
Behavioural parameters are a number of elasticities in the behavioural relation-
ships of the model. In our model, this involves the elasticities in the CES produc-
tion and import demand functions, CET export supply function, and ELES 
household demand function: 
(a) elasticity of substitution between value added aggregate and energy 
aggregate in sector i (a,); 
(b) income elasticity of consumption of consumer good i by household 
h (Ça); 
(c) price elasticity of substitution between imported and domestically-pro-
duced good i (i|r;); 
(d) price elasticity of transformation between foreign and domestic sales of 
good i (ri,). 
Table 6.6 shows the values chosen for these elasticities. They are guess-
estimated and used to calibrate the model. In what follows, I will briefly explain 
these values. 
The degree of substitutability between the value added aggregate and 
energy aggregate will affect the economic losses of energy scarcities and price 
increases. The higher the value of av the less expensive it is to decouple energy 
consumption from GDP growth when energy prices rise. In the absence of any 
empirical evidence, this parameter is assumed to be identical across sectors and is 
set at 0.3 following the assumption of Manne and Richels (1991a). That is, a 1% 
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price increase will lead to a decline of 0.3% in the demand for energy. For the 
income elasticities of consumer demand, consistent with empirical evidence (Li et 
al., 1985; Shi, 1991; Burniaux et al., 1992), these are assumed to be higher for 
goods and services provided by the light industry, the transport and communica-
tion sector, and the service sector and lower for other sectors. With respect to the 
elasticities of substitution between domestic and imported goods, coal and oil, 
together with the nondurable goods from the light industry, are viewed as the 
homogeneous products and are thus assumed to be more substitutable in use than 
others. On the export side, in accordance with China's export pattern, it is 
assumed that the exports are generally more price elastic, particularly for the 
products from the energy sectors and the light industry. 
Table 6.6 Elasticity specification for production, demand and trade functions 
t « *» 
Vi 
Agriculture 0.3 0.7 0.6 0.9 
Heavy industry 0.3 0.6 0.5 1.05 
Light industry 0.3 1.0 0.7 0.3 
Transport & Communication 0.3 1.1 - 0.9 
Construction 0.3 0.9 - -
Services 0.3 1.1 0.6 0.3 
Coal 0.3 0.7 0.7 1.5 
Oil 0.3 0.8 0.7 1.5 
Natural gas" 0.3 0.8 - -
Electricity" 0.3 0.9 - -
Note: a For natural gas and electricity, their imports and exports over 
time are set to be exogenous. 
Sources: Dervis et al., 1982; Li et al., 1985; Shi, 1991; Burniaux et al., 
1992; Own estimates. 
6.4.2 Calibrated parameters 
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Calibrated parameters mainly refer to share and shift parameters. As is usual in 
CGE models, the values of these parameters are directly calculated from the 
model equilibrium conditions using the so-called calibration procedure (cf. 
Mansur and Whalley, 1984). In this section, I describe briefly the calibration 
procedure using the base year data and above-specified elasticity values. 
The calibration procedure involves using the equilibrium conditions of the 
model and the benchmark year equilibrium data set to determine the share 
parameters, whose values are such that the equilibrium solution obtained to the 
model should reproduce the data observed in the base year (e.g. the base year 
SAM) given the specification of numerical values of the behavioural parameters. 
Clearly, the calibration procedure also serves as a consistency check of the model 
equations, SAM data base, and calibrated parameters.5 
(a) share and shift parameters in the value added aggregate 
The share parameter is derived from minimizing the costs of capital and labour 
subject to the Cobb-Douglas aggregation. It is simply determined by the base 
year value share of these two factors and is assumed to remain constant over 
time, with the exception of the agricultural sector in which the share parameter is 
expected to rise over time:6 
Once the value of the share parameter is determined, the value of the shift 
parameter is given by 
5 In programming our CGE model in GAMS, part of the computer code is 
written in order to make sure that the solution SAM is consistent with the base 
year SAM. This consistency test has been done by checking whether the row sum 
is equal to the column sum for each account. If they are not, some inconsist-
encies are present in the model. In this case, a close look at all the data sets and 
equation specification in the model is required. 
6 This implies that future output growth in the agricultural sector will rely on 
increasing capital input. 
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(b) share and shift parameters in the energy aggregate 
In a similar manner, the values of the share and shift parameters in the energy 
aggregate can be determined as follows: 
h = 1 =1 10; / =7 10 
- E.(tJ 
B. = i q l K o J i = 1,...,10; j = 7.....10 
(c) share and shift parameters in the import demand function 
The share parameter can be derived from the optimal import demand function 
described in Section 5.7.1: 
wo 
[HO J 
The shift parameters are then calculated by 
(d) share and shift parameters in the export supply function 
Similar to (c), the share and shift parameters in the export supply function are 
calculated as follows: 
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v, i+ 
(e) marginal budget share and subsistence quantity parameters in the ELES 
household demand function 
The computation of marginal budget share in the ELES function has already been 
described in Section 5.5.1. As for the subsistence quantity in the function, it is 
determined by 7 
P * IPOPß0) 
7 The ELES treats household demand as a function of its income and price. It 
is expressed by: 
PC.CM = PCiyJOPh + UYDh - YPC^fOP,) ( 0 
j 
where the time index is dropped for simplicity. 
Summing over the household demand for consumer goods, we have 
Y,pcfu = a - E P ^ E ^ W ^ A + E P * H > . oo 
Rearranging the equation (ii) gives 
E P C * C * - E P * R O » 
E « W ° * » = -1 ( « 0 
i 
Substituting equation (iii) into equation (i) and rearranging, we have the equation 
used for computing subsistence quantity in the ELES function. 
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6.5 Subsidiary data 
Other than the SAM accounts and structural parameters, our CGE model 
requires, among other things, the following subsidiary data: capital composition 
matrix; sectoral depreciation rate and capital stock; sectoral allocation of invest-
ment; population; wage rate and labour supply; and factor-augmenting technical 
progress coefficients. This section documents the sources of these data used for 
this study. 
For the 10-sector capital composition matrix used to convert investment in 
fixed assets by sector of destination into demand for capital goods by sector of 
origin, it has been aggregated in the following way from the semi-official 33-
sector capital composition matrix, the latter being assembled by the State 
Planning Commission and the State Statistical Bureau.8 First, I multiplied capital 
investment of the 33-sector of destination by the 3 3 x 3 3 capital composition 
matrix. This gave demand of each sector of destination for capital goods by 
sector of origin, which forms a 3 3 x 3 3 matrix. By sununing over the correspon-
ding demand for capital goods according to the sectoral classification discussed in 
Section 5.2, the 3 3 x 3 3 matrix was then aggregated into a 9 x 9 matrix in which 
there was one single aggregated sector for oil and natural gas. Next, I split the 
single aggregated sector into the oil sector and natural gas sector according to the 
intermediate demands of each sector for oil and natural gas in the input-output 
table (State Statistical Bureau, 1991). Finally, the 10-sector capital composition 
matrix was derived from dividing demand of each sector for capital goods by 
sector of origin by the corresponding capital investment by sector of destination. 
Table 6.7 shows the 10-sector capital composition matrix, the entries of which 
are assumed to remain unchanged over time. 
The sectoral depreciation rate has been taken from Shi (1991) and the 
World Bank (1985b), but with a slight adjustment tailored to the needs of this 
study. Then sectoral capital stock in the base year has directly been calculated 
8 I call the capital composition matrix a semi-official matrix because it has 
been assembled by the official institutes but has not formally been published. It is 
stored on disk only for internal use. 
Table 6.7 Capital composition matrix (10-sector by 10-sector) 
AGRI HIND LIND TRCO CONS SERV CIND OIND NGAS ELEC 
AGRI 0.027259 0.023657 0.027489 0.033160 0.023740 0.023875 0.025865 0.024685 0.000000 0.031323 
HIND 0.187920 0.357536 0.470762 0.324477 0.321468 0.127989 0.274599 0.279804 0.220177 0.341055 
LIND 0.002807 0.002509 0.002830 0.003414 0.002444 0.002458 0.002663 0.002462 0.001292 0.003224 
TRCO 0.006891 0.003602 0.006949 0.008382 0.006002 0.006034 0.006539 0.006176 0.001045 0.007918 
CONS 0.759783 0.600912 0.476500 0.611906 0.632987 0.826212 0.675777 0.673458 0.769712 0.598849 
SERV 0.015340 0.011783 0.015470 0.018660 0.013360 0.013432 0.014557 0.013415 0.007775 0.017631 
CIND 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
OIND 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
NGAS 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
ELEC 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
Source: See text. 
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from dividing its value of depreciation by the corresponding depreciation rate, the 
former being derived from the input-output table (State Statistical Bureau, 1991). 
Its growth rates over time will be discussed in Section 7.2 when explaining key 
assumptions for the baseline scenario. 
As far as the allocation of nominal fixed capital investment across sectors 
is concerned, the pattern of investment has for decades been characterized by a 
predominantly large share of investment in heavy industries. Consequently, the 
imbalance in the capital structure has led to a severe effect that can no longer be 
ignored. This pattern over time will thus be restructured to divert more resources 
to agriculture, the existing bottleneck sectors such as energy, and to services, by 
comparison with the corresponding benchmark year shares in total nominal 
investment, which is determined through dividing the nominal fixed investment of 
sector of destination by total nominal investment. This not only fills the gap left 
from the past but also meets new demands. 
The data on population and sectoral labour force in the base year have 
been derived from the State Statistical Bureau (1989, 1992a), while the projection 
for population and total labour force until the year 2010 will be discussed in 
Section 7.2. As for the sectoral wage rate in base year, it has directly been 
calculated from dividing sectoral wage bill by its labour force. In simulations, 
whether static or dynamic, however, the sectoral wage rate is treated as an 
endogenous variable that is assumed to be flexible enough to clear the labour 
market. 
Total productivity growth rates over the period 1990 - 2010 have been 
taken from Yao et al. (1993), - see Section 7.2 for a further discussion.9 Auton-
omous energy efficiency improvement for both fossil fuels and electricity over 
time is also discussed in that section. 
6.6 Solution approaches 
9 This implies that growth rates for real GNP are calculated endogenously. 
Alternatively, growth rates for real GNP are set to be exogenous, whereas the 
productivity growth rates become endogenous. The latter can be used to check 
whether the assumed productivity growth rates in the former case are reasonable. 
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Four different approaches to finding numerical solutions to CGE models are 
identified in terms of solution procedure (see Robinson, 1989). 
The first approach essentially amounts to specifying log-linear approxi-
mations of all equations of a CGE model and then solving the resulting linear 
equations for changes in the endogenous variables as functions of changes in the 
exogenous variables by inverting the resulting matrix of coefficients. This means 
that the solution describes the relative rates of change in the endogenous variables 
rather than the equilibrium levels of the endogenous variables (Bergman, 1990). 
The approach was first used in the first applied CGE model formulated by 
Johansen (1960) and has since been used in a number of applications. Dixon et 
al. (1982), for example, apply this technique in the ORANI model for Australia. 
The solution procedure has also been applied in the Swedish energy models 
(Bergman, 1980, 1982; Bergman and Lundgren, 1990). While enjoying the 
advantage of being a simple and relatively cheap method to apply, particularly for 
large-scale models, the approach does have a limitation in flexibility of model 
specification inherent in being required to reduce the equations to a log-linear 
system. Moreover, the results are affected by approximation errors, and these 
errors tend to increase with the magnitude of changes in exogenous variables.1 0 
The second approach involves treating a CGE model as just a collection of 
non-linear algebraic equations and solving them directly with a numerical solution 
technique. This technique is a special version of the Gauss-Seidel iteration 
procedure and does not require any evaluation of derivatives of excess demand 
equations: the algorithm simply adjusts the price in each sector in response to that 
sector's excess demand. The solution describes the equilibrium levels of the 
endogenous variables. Apart from the possible computational advantages by 
comparison with the first approach, the second one makes it possible to incorpor-
ate an explicit time dimension in the model. Thus the model is specified as a 
static within-period model linked by an intertemporal model that updates time-
dependent variables. This is the technique first used by Adelman and Robinson 
1 0 See, for example, Dixon et al. (1982) for how to eliminate approximation 
errors arising from the linearization. 
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(1978). It has later been used in applications to developing countries (cf. Dervis 
et al., 1982). 
The third approach is to express the problem as one of finding a fixed 
point in a mapping of prices to prices through excess demand equations and then 
solve it using an algorithm based on fixed-point theorem (cf. Scarf, 1984; Shoven 
and Whalley, 1992, pp. 37-68). Initially numerical solutions are determined by 
means of Scarfs algorithm (Scarf, 1967; Scarf and Hansen, 1973), but later 
faster variants of Scarfs algorithm, especially thanks to Merrill (1972) or 
Newton-type local linearization techniques, have become more commonly used 
(Bergman, 1990). A major advantage of this approach is that for models which 
satisfy the conditions of the fixed-point theorem, for example, homogeneous of 
degree zero in prices, the algorithm is guaranteed to find a solution. Like the 
second approach, the solution based on the third approach also describes the 
equilibrium levels of endogenous variables. A major disadvantage is that the 
algorithm gets very expensive to implement as the number of excess demand 
equations increases (Dervis et al., 1982). 
The last approach is to rework the economic specification so that it can be 
expressed as a maximization problem. The resulting system is then solved using 
programming algorithm designed for constrained-maximization problems, and the 
solution yields shadow prices that can be interpreted as market prices. This 
approach is characterized as an extension of activity analysis and programming 
modelling and has the advantage that one can easily specify inequality constraints 
in the model. However, it may well not be at all convenient, analytically or 
empirically, to express the model in terms of activity analysis (Dervis et al., 
1982). 1 1 
The CGE model described in Chapter 5 is highly non-linear, and has been 
implemented in GAMS (General Algebraic Modelling System), a widely distrib-
uted (non)linear programming package (Brooke et al., 1988). The procedure 
involves two steps. The first one is to write the computer code. The code starts 
with declaring and defining all sets used, and declaring, defining and assigning 
1 1 See Ginsburgh and Wealbroeck (1981, 1984) for the activity analysis 
approach to CGE modelling. 
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all parameters, scalars and tables, followed by declaring and defrning all vari-
ables and equations, and a mathematical description of all equations. The 
computer code ends with bounds and initial values of the variables, control 
commands, model statement, and output-generating statements. The phase of the 
process is independent of the solution algorithm. The second step is to solve the 
model numerically using the non-linear solver MINOS5.2. Given that the solver 
MINOS5.2 is based on a numerical solution algorithm, the solution approach 
adopted in our case belongs to the second type. It should be emphasized that 
MINOS5.2, being a non-linear programming package, can generally not find 
exact optimal solutions. Instead, it is guaranteed to find an approximate optimal 
solution or a local optimum (Brooke et al., 1988). 
6.7 Concluding remarks 
In this chapter I have discussed some practical problems that arise when running 
the CGE model of the Chinese economy. These are related to data requirements, 
model calibration and solution approaches, which are crucial to the quality of the 
CGE model and its results as well as to the scope of its applicability. In what 
follows, some concluding remarks are given. 
First, of all the issues considered, the work on constructing an SAM for 
China is the most difficult because of the shortage of data, particularly at a fairly 
disaggregated level. Although I managed to estimate the 10-sector SAM for 
China by assembling and reconciling the data from various sources, which 
involves some judgement on which sources are reliable and on how to modify 
certain data to make them consistent with the rest in the least arbitrary manner 
possible, the current version of the SAM should be considered preliminary, 
particularly those estimates of the actual values for sectoral imports and exports 
as well as their tariffs. This is partly because the 1987 1-0 table only gives one 
single column for net export rather than imports and exports in gross terms. The 
second reason is that no official statistics but the Official Customs Guide provides 
the list of both minimum and general tariff rates by commodity. This has made it 
hard to know which rate was actually applied to what percentage of goods. The 
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third reason is that the classifications in the Official Customs Guide are too 
disaggregated. This has made it very difficult to determine what average rate to 
use for an aggregated commodity like those used in the input-output table. 
Second, because of data limitations, our CGE model, like most CGE 
models, has been calibrated rather than econometrically estimated. The implica-
tion of this treatment is that the results obtained through this model have a less 
sound basis than if the econometric approach that relies on empirical evidence 
was adopted. This suggests that the results reported in the next chapter should be 
interpreted with caution. 
Third, although our model is flexible in formulating the demand side, the 
lack of a transformation matrix that defines the contribution of each producing 
sector to the composition of each of the final consumer goods and services (see 
Section 5.5.1 for a further discussion), in practice, limits its applicability to the 
case where there is only one single representative consumer and where the 
consumption category is the same as the sectoral classification of production. The 
implication is that the current version of this CGE model cannot be used to 
analyse the distributional effects of a carbon tax, although it is appropriate for 
calculating its economic costs. However, as discussed in Section 2.5.3, distribu-
tional aspects are considered to be important when designing a domestic carbon 
tax. Thus, it would be desirable to incorporate aspects of income distribution into 
the model if the required data become available. 
7 MACROECONOMIC ANALYSIS OF C0 2 EMISSION LIMITS FOR 
CHINA: A CGE APPROACH1 
.7.1 Introduction 
In this chapter the time-recursive dynamic CGE model of the Chinese economy, 2 
which has been described in Chapter 5 and calibrated in Chapter 6, is used to 
analyse the economy-wide impacts of alternative carbon limits through 
counterfactual simulations. In Section 7.2 the business-as-usual scenario is 
developed assuming no specific policy intervention to limit the growth rate of 
C 0 2 emissions. In Section 7.3, counterfactual policy simulations are carried out 
to compute the macroeconomic implications of two alternative carbon limits 
relative to the business-as-usual scenario, assuming that the carbon tax revenues 
are retained by the government. In Section 7.4, four carbon tax revenue recycling 
scenarios are constructed to illustrate the efficiency improvement from offsetting 
carbon tax revenues with reductions in indirect taxes relative to the carbon tax 
revenue retention scenarios above. A comparison with other studies for China in 
terms of both the baseline scenarios and the carbon constraint ones is presented in 
Section 7.5. The chapter ends with some concluding remarks. 
7.2 The business-as-usual scenario 
Before turning to macroeconomic analysis of C 0 2 limits, we first have to develop 
the business-as-usual (BaU) scenario for economic development, energy con-
sumption and C 0 2 emissions in China, because any assessment of economic 
1 This chapter will form the input to the presentations at the GW7 Conference 
and the Chinese-Dutch Workshop (Zhang, 1996d). 
2 Recursive dynamic CGE models mean that a time sequence of single-period 
equilibria is computed for periods t = 1, 2 , . . . . Periods are related through the 
updating of some exogenous variables such as capital stock or demography 
(Gunning and Keyzer, 1995). 
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impacts of limiting C 0 2 emissions starts with establishing a plausible baseline 
path. This BaU scenario assumes no policy intervention to limit the rate of C 0 2 
emissions, but does allow for anticipated changes in demographic, economic, 
industrial and technological developments and environmental policies not directly 
aimed at C 0 2 emission reduction. 
Develop the BaU scenario by using the time-recursive dynamic CGE 
model described in Chapter 5 involves two steps. The first step is making a set of 
underlying baseline assumptions about how the exogenous variables in the model 
would evolve over the period till 2010. This involves updating time-dependent 
variables and revising certain parameters over time to reflect worldwide econ-
omic development and changes in tastes or technology. The second step is using 
these assumptions to construct the BaU projections about the endogenous vari-
ables. 
Table 7.2.1 shows what we assumed about some important exogenous 
variables in terms of the average annual growth rates of the variables over the 
period 1987-2010. 
In the BaU scenario, the total productivity growth rates are set to be 
exogenous. This implies that the growth rates for real GNP are calculated 
endogenously. For this study, the total factor productivity growth rates during the 
period under consideration habe been taken from projections by the Chinese 
Academy of Social Sciences (CASS) (Yao et ah, 1993), which are assumed to 
grow at an annual rate of 3% for the period 1987-2000 and 2.9% thereafter to 
2010. 
As discussed in Chapter 5, the GNP deflator serves as the price numéraire 
in the model. For simplicity, it is set at unity in the base year. For the period 
1987-2010, the price numéraire is assumed to rise at an annual rate of 5%. This 
specification is inspired by the State Information Centre (1993) and reflects the 
fact that the domestic rate of inflation is higher than the world rate, which is 
assumed to be 2-3%. 
Another important exogenous variable is population. It is assumed that 
China's basic long-term policy on family planning will continue to be imple-
mented in the future. Thus, the population is expected to continue to rise, but 
with a declining growth rate. Following the projections by the CASS (Yao et ah, 
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1994), the current population of 1143 million in 1990 will rise to 1304.8 million 
in 2000 and to 1423.6 million in 2010. In the meantime, labour force is assumed 
to grow from 527.8 million in 1987 to 634.5 million in 2000 and to 668.6 
million in 2010 (Yao et al, 1994). 
Table 7.2.1 Some assumptions underlying the baseline scenario 
(average annual growth rates, %) 
2000/1987 2010/2000 
GNP deflator 5.0 5.0 
Total factor productivity 3.0 2.9 
Population 1.37 0.88 
Labour supply 1.43 0.53 
Capital supply 9.4 8.5 
World price of oil 2.8 3.0 
World price of coal 2.2 2.3 
World price of natural gas 2.8 3.0 
World price of other imports 2.0 2.0 
AEEI for fossil fuels1 1 . 0 - 4 . 5 1 . 0 - 2 . 7 
AEEI for electricity1 0 . 0 - 0 . 3 0 . 0 - 0 . 2 
Volume of government expenditures 8.0 7.0 
Note: 1 AEEI - Autonomous Energy Efficiency Improvement. 
The growth rates of capital supply are determined according to a Cobb-
Douglas aggregation of capital and labour, using the average value of the share 
parameter in the value added aggregate discussed in Section 6.4.2. In this way, 
capital supply is calculated to grow at 9.4% per annum for the period 1987-2000 
and 8.5% thereafter to 2010. 
As far as the international energy prices are concerned, a rise in real 
energy prices is assumed to reflect depletion and increasing costs of exploration 
and mining. For the period 1990-2000, an average annual increase in oil prices in 
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real terms is assumed to be 0.8%, and 1.0% for the period 2010-2000. Given the 
world oil price of US$ 22.3 per barrel in 1990, this implies a price of US$ 26.7 
per barrel in 2010 at 1990 prices. This projections fall within the range of the 
specification by the Operating Agent for IEA-ETSAWAnnex IV (cf. Kram, 
1993a). 3 With respect to internationally traded natural gas it is assumed that 
prices will follow the trend of oil prices. As to coal, world prices are assumed to 
rise less sharply than oil and natural gas prices. This favours the use of coal at 
the expense of oil and gas, raising the carbon-intensity and thus C 0 2 emissions in 
the baseline scenario. 
With respect to autonomous energy efficiency improvement (AEEI), its 
value has a crucial influence on the simulation results since ceteris paribus the 
higher the value the lower the growth of energy consumption and hence C 0 2 
emissions. For this study, the AEEI values vary among fuels and sectors and 
over time and are set at 1 . 0 -4 .5% per annum for fossil fuels and 0 . 0 - 0 . 3 % for 
electricity for the period 1987-2010. The lower AEEI values for the second 
period reflect the increasing difficulties in energy conservation, whereas the 
lower AEEI values for electricity reflect the difficulties in saving electricity and 
the increasing advantages of electricity use in new industrial processes. More-
over, compared with the values used in other studies, the higher AEEI value for 
China has been taken to reflect its potential for energy efficiency improvement 
and to track with the historical trends of such an improvement. 
Other assumptions are related to the closure of the CGE model. The 
volume of government expenditures is assumed to grow at the same rate as the 
3 The Energy Technology Systems Analysis Programme (ETSAP) was 
initiated in 1976 for the purpose of providing the International Energy Agency 
(IEA) with systems analysis capability to assist in establishing its priorities for 
research, development, and demonstration projects. Annex IV (Greenhouse Gases 
and National Energy Options) of ETSAP (1990-1993) was aimed at extending the 
application of national MARKAL models to the control of emissions of green-
house gases. The Netherlands Energy Research Foundation (ECN), acting 
through the Policy Studies Department, was the Operating Agent for ETSAP/ 
Annex IV. ECN is also serving as the Operating Agent for the ongoing ETSAP/ 
Annex V (Energy Options for Sustainable Development). 
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expected GNP. The government budget is assumed to be balanced over time, 
with total government revenues being equal to total government expenditures. Net 
foreign savings are assumed to be fixed in real terms at its benchmark-year 
value. No surplus or deficit on balance of trade is assumed to take place over 
time. 
Table 7.2.2 summarizes the main macroeconomic results of the baseline 
simulation.4 The baseline scenario is characterized by a rapid economic growth. 
As shown in Table 7.2.2, GNP is expected to grow at an average annual rate of 
8.34% for the period from 1990 to 2000 and 7.55% thereafter to 2010. Although 
the calculated rates of GNP growth are lower than those achieved in the early 
1980s and 1990s, they are well in line with the government targets of GNP 
growth rate, which are set at 8-9% per annum for the period 1990 - 2000 and at 
7.2% thereafter to 2010. 5 Given that growth of the labour force is very small 
and declining significantly during the second period, which means that its 
contribution to output growth is also small in absolute terms and declining 
significantly in relative terms, such rapid economic growth is attributed partly to 
the increased factor productivity and mainly to increased capital stock. This 
reflects the long-established policy of the Chinese policymakers to rely on capital 
accumulation as the primary source of economic growth. But growth of capital 
depends on investment. Moreover, the existing bottlenecks in some sectors of 
capital-intensive nature (e.g. energy and transport), and, more generally, imbal-
ances in the output structure require adjustment in the capital structure. 
Consequently, investment is expected to grow at a faster rate than GNP, as 
4 Because CGE models for resource allocation are unable to determine the 
absolute price level, it is meaningless to discuss a variety of price indexes under 
the baseline scenario, although their percentage deviations as a result of the 
imposition of a carbon tax relative to the baseline are important (see the next 
section). Thus, I only report changes in the underlying volumes. 
5 The recent Chinese Communist Party Central Committee's Proposals for 
National Economic and Social Development during the Ninth Five-Year Plan 
Period and up to the year 2010 set the goal of doubling China's 2000 GNP by the 
year 2010, although in principle it is subject to formal approval by the National 
People's Congress (the Chinese Parliament) in March 1996 (People's Daily 
(Overseas Edition), 29 September 1995). 
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shown in Table 7.2.2. As can also be seen, the increasing exports form one of 
the driving forces behind China's booming economy. 
Table 7.2.2 Main macroeconomic results for the baseline scenario 
(average annual growth rates) 
Volumes 2000/1987 2010/2000 
GNP(%) 7.92 a 7.55 
Private consumption (%) 6.48 6.54 
Investment (%) 8.81 7.81 
Exports (%) 8.95 8.11 
Imports (%) 6.86 5.12 
Gross output (%) 8.25 7.86 
a Converted to the period 1990 - 2000, this figure is equivalent to 8.34%, 
indicating the slowdown of economic growth during a period of economic 
retrenchment from 1988 to 1990. 
Table 7.2.3 shows the energy-related results for the baseline scenario. 
Rapid economic growth will lead to increased energy consumption and hence C 0 2 
emissions, notwithstanding the reduced energy intensity of GNP. 
As shown in Table 7.2.3, total energy consumption is expected to rise 
from 987.0 Mtce in 1990 to 1546.4 Mtce in 2000 and to 2560.4 Mtce in 2010. 
Consequently, the baseline C 0 2 emissions are expected to grow from 586.9 MtC 
in 1990 to 898.9 MtC in 2000 and to 1441.3 MtC in 2010 at an average annual 
rate of 4.4% for the period to 2000 and 4.8% thereafter to 2010. The slightly 
accelerated growth of C 0 2 emissions during the second period is partly because 
economic growth, although somewhat slow in this period, still remains strong, 
and partly because of the reduced energy conservation rate as well as no signifi-
cant change in the coal-dominated pattern of energy consumption. On a per capita 
basis, China's energy consumption of 0.86 tee in 1990 is expected to rise to 1.19 
tee in 2000 and to 1.80 tee in 2010, while the corresponding C 0 2 emissions of 
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0.5 tC in 1990 are expected to rise to 0.7 tC in 2000 and to 1.0 tC in 2010. 
Although the figures are doubled over twenty years, they are still well below the 
corresponding current world average levels, which were equal to 2.12 tee and 
1.14 tC respectively in 1990. 6 
It should be emphasized that although the rapid growth of energy con-
sumption and hence C 0 2 emission per capita is attributed largely to rapid 
economic growth, it is attributed partly to the low population growth due to the 
implementation of a strict family planning policy. 
Table 7.2.3 Energy-related results for the baseline scenario 
1990 2000 2010 
Energy consumption (Mtce) 987.0 1546.4 2560.4 
Energy consumption per capita(tce) 0.86 1.19 1.80 
Coal (Mt) 1055.2 1578.9 2418.2 
Coal's share in total energy consumption (%) 76.2 72.9 67.5 
Electricity (TWh) 623.0 1395.7 2745.2 
Energy intensity of GNP (kgce/yuan) 0.717 0.504 0.403 
Elasticity of energy consumption w.r.t. GNPa , b 0.56 0.55 0.68 
Elasticity of electricity consumption w.r.t. GNP"'b 0.84 1.01 0.93 
Average annual rate of energy conservation (%)h 3.6 3.46 2.21 
CO, emissions (MtC) 586.9 898.9 1441.3 
C 0 2 emissions per capita (tC) 0.51 0.69 1.01 
a w.r.t. is short for with respect to. 
b The figures in 1990 are for the period 1980 - 1990, in 2000 for the period 1990 
- 2000, and in 2010 for the period 2000 - 2010. 
7.3 Carbon abatement: counterfactual policy simulations 
6 The world average levels of energy consumption and C 0 2 emissions have 
been calculated based on data from Dean and Hoeller (1992) and British Petro-
leum (1993). 
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In this study six scenarios are considered.7 First two scenarios as shown in 
Figure 7.3.1 are specified in terms of reductions in C 0 2 emissions relative to the 
BaU path8 as follows: 
Scenario 1: 20% cut in C 0 2 emissions in 2000 and 2010 respectively; 
Scenario 2: 30% cut in C 0 2 emissions in 2000 and 2010 respectively. 
1500-, 
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100^ 
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1990 2000 2010 
Figure 7.3.1 C02 emissions in China under alternative scenarios 
7 The number of scenarios that can be developed with this CGE model is 
infinite. Given time constraints, however, only six scenarios are developed in the 
present study. 
8 Note that I use the BaU solution as the reference with which all alternative 
scenario solutions are compared, rather than the level of emissions in a single 
base year. The latter would be a much more restrictive target. It could be 
defended for industrialized countries which already enjoy a high level of output 
and consumption. It is also of policy relevance for industrialized countries 
because the Framework Convention on Climate Change commits industrialized 
countries Parties to cut down emissions of C 0 2 and other greenhouse gases to 
their 1990 levels by the year 2000 (Grubb and Koch et al, 1993). It is less 
defensible and relevant for developing countries, however, which are still at an 
early stage of economic development (Blitzer et al, 1992). 
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In the two simulations the carbon tax revenues are retained by the 
government. In Sections 2.5 and 4.4, it has been argued that using the revenues 
raised to reduce a distortionary tax would lower the net adverse effects of carbon 
taxes by reducing inefficiency elsewhere in the economy. To determine how large 
the efficiency improvement might be, four tax reform simulations are constructed 
as follows: 
Reforms la and lb maintain the carbon tax of Scenario 1, but indirect tax 
rates for all sectors are equally reduced by 5% and 10% respectively. 
Similarly, Reforms 2a and 2b maintain the carbon tax of Scenario 2, but 
indirect tax rates for all sectors are equally reduced by 5% and 10% respectively. 
Such counterfactual simulations as shown in Table 7.3.1 allow us to 
compute the implications of two alternative carbon limits relative to the business-
as-usual scenario, and the efficiency improvement of four indirect tax offset 
scenarios relative to the tax retention scenarios. In this section I focus on 
discussing the first two simulations, while reporting the results from the four tax 
reform simulations will be the subject of Section 7.4. 
Table 7.3.1 Six policy simulations considered in this study 
Scenario Changes in C0 2 emissions 
relative to the baseline 
Changes in indirect tax 
rates relative to the baseline 
Scenario 1 -20% no change 
Reform la -20% -5% 
Reform lb -20% -10% 
Scenario 2 -30% no change 
Reform 2a -30% -5% 
Reform 2b -30% -10% 
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7.3.1 Carbon taxes, fuel-specific tax rates and energy prices 
Using the CGE model, the carbon tax required to achieve a 20% cut in C 0 2 
emissions in 2010 relative to the baseline is estimated to be 205 yuan per ton of 
carbon (tC). 9 For Scenario 2, which is specified to achieve a 30% cut in CO a 
emissions in 2010, the carbon tax necessary is estimated to be 400 yuan/tC. Note 
that, unless specified otherwise, the carbon taxes estimated by our model are at 
current prices, i.e. they are measured at the time of carbon emissions. Table 
7.3.2 converts the carbon taxes into fuel-specific ad valorem tax rates. 
Table 7.3.2 Carbon taxes and fuel-specific tax rates in 2010 
Scenario 1 Scenario 2 
Carbon tax (yuan/tC) 205 400 
Coal (%) 64.0 122.0 
Oil (%) 14.4 28.2 
Natural gas (%) 46.3 90.9 
Electricity (%) 19.8 38.1 
Two important observations can be made. First, the carbon taxes and the 
fuel-specific tax rates differ significantly among the two scenarios. As can be 
9 The carbon tax is estimated by trial and error using the GAMS 'SAVE' and 
'RESTART' options through which a solution can be saved and reused (see the 
GAMS manual for details (Brooke et al., 1988)). Such options are to preserve 
information that has been expensive to produce, and thus are always used by 
users of large models. More specifically, by using the 'SAVE' option first the 
baseline solution (i.e. those at a zero carbon tax) is saved as work files. Then, an 
input file is written, in which a carbon tax rate is specified, and which requests a 
separately restarted run of work files. The baseline solution is automatically used 
as a starting point for the carbon tax experiment. Moreover, work files can be 
used repeatedly with many input files containing different carbon taxes, until the 
carbon tax is found required to achieve a 20% cut in carbon emissions in 2010 
relative to the baseline. A similar procedure is applied to the 30% cut scenario. 
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seen, a larger absolute cut in C 0 2 emissions will require a higher carbon tax. A 
higher tax also implies higher fuel-specific tax rates because a carbon tax 
becomes higher relative to the baseline prices of fossil fuels. Moreover, carbon 
taxes and the fuel-specific tax rates rise at an increasing rate as the target of C 0 2 
emissions becomes more stringent, indicating that large reductions in carbon 
emissions can only be achieved by ever-larger increases in carbon taxes. Compar-
ing Scenarios 1 and 2, for example, shows that the carbon tax goes up to 95% 
while the carbon reduction increases by only 50%. Second, although the same 
carbon tax is imposed in each scenario, tax rates differ considerably among 
different types of fossil fuels, depending on both the carbon content and the price 
of fuel in the absence of carbon taxes. Given that coal is the least expensive and 
gives rise to the highest C 0 2 emissions per unit of energy content of all fossil 
fuels, it is not surprising that coal has the highest tax rates. A surprising result is 
that natural gas has a higher tax rate than oil , 1 0 although the former has fewer 
C 0 2 emissions per unit of energy content. This is mainly because prices of 
natural gas in the absence of carbon taxes (or the pre-tax price in the baseline) 
are not rising faster than oil prices. As a result, tax rates for gas become higher 
relative to its prices, although absolute levels of the tax per unit of energy content 
are higher for oil than for gas. As far as electricity is concerned, it is indirectly 
rather than directly affected by carbon taxes via the taxation of inputs used to 
generate electricity. This results in tax rates for electricity of about 20% in 
Scenario 1 and 38% in Scenario 2. They are considerably lower than those for 
coal, since coal accounts for only about 18% of total electric utility costs. 
Imposing fuel-specific tax rates contributes in turn to increases in prices of 
coal, oil, natural gas and electricity. Comparing the increases in Table 7.3.3 with 
the corresponding fuel-specific tax rates in Table 7.3.2, we can see that, as 
would be expected, they are almost the same. 
7.3.2 Macroeconomic effects 
1 0 The results are broadly consistent with the OECD's GREEN modelling 
results for North America, the Pacific and China (Burniaux et al., 1991). Similar 
findings are also presented in the study of Ingham and Ulph (1991), who 
analysed the effect of carbon taxes on the UK manufacturing sector. 
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Curbing fossil fuel C 0 2 emissions entails some corresponding reduction in energy 
consumption, and consequently, a decline in production itself. Basic economic 
theory can provide a rough order of magnitude estimates of this effect. 
According to economic theory, the elasticity of output with respect to a 
factor should equal the factor's share in output.1 1 Based on the data of 1987 
SAM for China, which was discussed in Chapter 6, I calculate that the share of 
energy in China's GNP in the base year (1987) was 6.5%. That is, a 10% 
reduction in energy consumption will lead to a 0.65% decline in GNP. Table 
7.3.3 shows that to achieve approximately 20% and 30% cuts in C 0 2 emissions 
in 2010 requires about 19.5% and 29.3% cuts in energy consumption respective-
ly. Accordingly, GNP in 2010 would fall by 1.27% (19.5% x 6.5%) and by 
1.90% (29.3% X 6.5%) respectively, provided that the share of energy in 
China's GNP remains unchanged. Comparing this with Table 7.3.3, we can see 
that this order of magnitude estimate of the GNP effect is about what is predicted 
1 1 This can be proved as follows. Suppose that total production Q is a 
function of capital K, labour L, and energy E. Let the price of output be Pq and 
the prices of capital, labour, and energy be Pk, Pt, Pe. Denoting the elasticity of 
output with respect to energy by e and the share of energy in output by se, then 
they can be defined as 
g _ dQIdE _ 
q e Q/E e Pfi 
According to the marginal product theory, the value of the marginal 
product of a factor should equal its price (Varian, 1993). Thus we have 
Substituting dQ/dE into eqe and rearranging, we have 
_ dQIdE _ ^ £ _ s 
q e Q/E PqQ e 
That is, the elasticity of output with respect to energy equals the share of energy 
in output. Similarly, we can prove that this conclusion also holds for capital and 
labour. 
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by this model, although the absolute values of the effect differ. Greater GNP 
losses predicted by this model imply that the share of energy in GNP tends to 
rise as the target of C 0 2 emissions becomes more stringent. This reflects the 
assumed less-than-unitary elasticity of substitution between the inputs of energy, 
capital, and labour, such that energy has decreased less than GNP. 
In addition to the GNP effect, Table 7.3.3 summarizes other main 
macroeconomic effects under the two scenarios. The results show that all the 
components of China's GNP and welfare in 2010 are negatively affected under 
the two C 0 2 constraint scenarios compared with the baseline. Exports constitute 
the final demand category that is reduced most. 1 2 Given the exogenous current 
account constraint, a decline in export volumes plus a rise in export prices also 
make import volumes decrease less than export volumes. Moreover, with the 
terms-of-trade improvement that tends to offset the deadweight losses arising 
from the imposition of carbon taxes, welfare, i.e. the change in household real 
income that is measured in Hicksian equivalent variation, decreases less than 
GNP. As can also be seen, the level of carbon tax and the associated reductions 
in GNP and welfare rise as the carbon emission targets become more stringent. 
Moreover, it is indicated that the reductions in GNP and welfare tend to rise 
more sharply as the degree of the emission reduction increases. Put another way, 
the economic costs of incremental environmental policy actions increase with the 
level of emission reduction. This is reflected by, for instance, the increased 
elasticity of welfare with respect to emission reduction, which is 0.054 at a 20% 
required rate of reduction, and 0.058 at a 30% required rate of reduction. This is 
also reflected by the price elasticity of carbon abatement, which rises from -0.40 
in Scenario 1 to -0.32 in Scenario 2. This increasing marginal cost of emission 
1 2 This is also observed in the CGE study of Glomsrod et al. (1992), who 
analysed the economic effects of stabilizing C 0 2 emissions on the Norwegian 
economy. 
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reduction implies that further reductions in C 0 2 emissions are becoming increas-
ingly more difficult. This finding also corresponds to other CGE studies. 1 3 
Table 7.3.3 Main macroeconomic results for China in 2010 
(percentage deviations relative to the baseline; -: declines) 
Scenario 1 Scenario 2 
GNP -1.521 -2.763 
Welfare3 -1.078 -1.753 
Private consumption -1.165 -2.972 
Investment -0.686 -1.832 
Exports -5.382 -7.447 
Imports -1.159 -2.128 
Energy consumption -19.468 -29.322 
C 0 2 emissions -20.135 -30.112 
Price elasticity of carbon abatement -0.396 -0.317 
Price of coal 64.954 123.095 
Price of oil 15.296 29.144 
Price of natural gas 46.813 90.564 
Average price of fossil fuels 50.888 94.895 
Price of electricity 22.785 43.256 
Terms-of-trade 3.636 3.822 
Nominal wage rate -1.807 -3.043 
Real exchange rate -0.004 -0.021 
User price of capital -1.777 -4.228 
Prices of exports 3.633 3.801 
Prices of imports -0.004 -0.021 
Measured in Hicksian equivalent variation. 
1 3 See, for example, Conrad and Schroder (1991) for Germany; Jorgenson 
and Wilcoxen (1993a, 1993b) for the United States; Beausejour et al. (1995) for 
Canada; and Martins and Burniaux et al. (1993) for the global study. 
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7.3.3 Effects on sectoral production and employment 
Table 7.3.4 presents the percentage deviations of both aggregate and sectoral 
gross productions compared with the baseline. As can be seen, aggregate gross 
production tends to contract at an increasing rate as carbon dioxide emission 
targets become more stringent. However, changes in gross production vary 
significantly among sectors in both absolute and relative terms. The differing 
sectoral effects arising from the imposition of the carbon tax can be explained as 
follows. Meeting carbon emission targets via a carbon tax increases the prices of 
directly affected goods, such as coal, oil, and natural gas. As shown in Table 
7.3.2, the more stringent the carbon emission targets, the more their prices 
increase. As prices rise, demand for the directly affected goods falls. A carbon 
tax also indirectly affects the prices of goods that utilize the targeted goods as 
factors in their production. For instance, Table 7.3.3 shows that the price of 
electricity in 2010 will rise by 23% in Scenario 1 and by 43% in Scenario 2 as 
an indirect effect brought about by increases in prices of fossil fuel input com-
pared with the baseline, although carbon taxes are not directly imposed on 
electricity. This indirect price effect exerts a further negative impact on gross 
production. Clearly, the combined direct and indirect effect will lead to a shift 
away from high-carbon energy, away from energy towards capital and labour, 
and away from carbon intensive goods and services, although such shifts depend 
on the ability of producers and consumers to change to goods that are affected to 
a lesser extent by a carbon tax. 
As shown in Table 7.3.3, the largest increase occurs in the price of coal 
in percentage terms as a result of the imposition of carbon taxes. It rises by 65% 
in Scenario 1 and by 123% in Scenario 2 relative to that of the baseline. In 
response to this price change, we expect that the coal sector is affected most 
severely in terms of the extent to which gross output falls under the two C 0 2 
constraint scenarios. This is confirmed in Table 7.3.4, which shows that gross 
production of the coal sector falls by as much as 26% in Scenario 1 and by 38% 
in Scenario 2. As would be expected, the substantial reduction in production 
growth will lead to a considerable decline in employment: the total number 
employed in the coal sector falls by 25% in Scenario 1 and by 36% in Scenario 2. 
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Table 7.3.4 Sectoral gross production in 2010 
(percentage deviations relative to the baseline; -: declines) 
Scenario 1 Scenario 2 
Agriculture -0.486 -0.281 
Heavy industry -2.463 -3.274 
Light industry -0.616 -0.416 
Transport & Communication -0.864 -14.146 
Construction -0.723 -1.444 
Services 1.709 5.528 
Coal -26.498 -38.131 
Oil -2.072 -8.540 
Natural gas -20.781 -31.897 
Electricity -6.077 -10.722 
Average - all sectors -1.046 -1.900 
The reduction in gross production in the natural gas sector is second 
largest. 1 4 This is a rather surprising result, since natural gas, with the lowest 
CO z emissions per unit of energy content, might be expected to benefit relatively 
from the imposition of carbon taxes. The main explanation is that gas has the 
second highest tax rates, thus making the increase in the price of gas far larger 
than that of oil in percentage terms. This, as discussed earlier, can be attributed 
to the fact that prices of natural gas in the absence of carbon taxes are not rising 
very sharply. The considerable fall in production has a substantial negative effect 
on the employment in the gas sector, which is expected to fall by 20% in 
Scenario 1 and by 31 % in Scenario 2. 
Gross production also falls in the oil and electricity sectors. Because all of 
the four energy sectors are capital intensive, relatively large amounts of capital 
1 4 This is also observed in the study of Ingham and Ulph (1991), who 
analysed the effect of carbon taxes on the UK manufacturing sector. 
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are released from these sectors. Given that the total amounts of capital available 
to the economy are fixed, the only way for all this additional capital to be 
absorbed in other sectors is for the relative price of capital to decrease. This 
explains why the user price of capital falls even faster than the wage rate in 
Scenario 2 as shown in Table 7.3.3. 
In contrast to these negatively affected sectors, gross production increases 
are observed for the service sector. Moreover, the expansions rise at an increas-
ing rate as carbon dioxide emission targets become more stringent. This is partly 
because the service sector utilizes a small proportion of intermediate inputs both 
directly and indirectly affected. The second reason is due to the output effect. As 
shown in Table 7.3.4, gross production falls in all sectors but the service sector. 
As a result, capital and labour are released from these sectors. Because factor 
supplies are fixed, the released amounts of capital and labour have to be absorbed 
in the service sector. Moreover, the more stringent the carbon dioxide emission 
targets, the more amounts of capital and labour have to be absorbed in the 
service sector and hence the more rapidly its production grows. The more rapid 
production growth in the sector relative to the baseline will lead to higher 
employment, which is expected to rise by 2% in Scenario 1 and by 6% in 
Scenario 2. 
All in all, sectoral production and employment change much more than 
the aggregated macro variables. With the C 0 2 constraints, the economy restruc-
tures towards labour-intensive sectors. This will come at the cost of lower GNP 
and welfare, provided that the tax revenues are retained by the government. 
7.3.4 Effects on energy consumption and C 0 2 emissions 
Table 7.3.3 shows that to achieve approximately 20% and 30% cuts in C 0 2 
emissions in 2010 requires about 19.5% and 29.3% cuts in energy consumption 
respectively. As discussed in Section 5.8.4, the energy consumption reduction 
can be achieved through a change in level and structure of economic activity, a 
change in energy input coefficients, and through a change in direct energy con-
sumption by households. Table 7.3.5 clearly indicates the relative importance of 
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each adjustment mechanism in terms of its contribution to energy consumption 
reduction in 2010. The results suggest that the overwhelming energy reduction is 
attributed to lower energy input coefficients under the C 0 2 constraint scenarios 
compared with the baseline. But as the target of C 0 2 emissions becomes more 
stringent, its role in reducing energy consumption becomes less because of the 
increased contribution by a change in level and structure of economic activity. 
The contribution by direct energy consumption by households remains almost 
unchanged. 
Table 7.3.5 Breakdown of the contribution to energy consumption reduction in 
2010 (%) 
Scenario 1 Scenario 2 
Due to change in aggregate 
production 4.69 5.66 
Due to change in composition 
of aggregate production 9.80 13.76 
Due to change in energy input 
coefficients 84.42 79.50 
Due to change in direct energy 
consumption by households 1.10 1.09 
Total change 100 100 
Tables 7.3.6 and 7.3.7 show the percentage deviations of both sectoral 
energy consumption and C 0 2 emissions as a result of the imposition of carbon 
taxes compared with the baseline. Four remarks can be made here. 
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Table 7.3.6 Sectoral energy consumption in 2010 
(percentage deviations relative to the baseline; -: declines) 
Scenario 1 Scenario 2 
Agriculture -0.486 -0.281 
Heavy industry -25.087 -35.827 
Light industry -26.163 -37.295 
Transport & Communication -15.983 -33.579 
Construction -15.011 -22.644 
Services -20.189 -27.402 
Coal -43.592 -59.028 
Oil -7.298 -16.565 
Natural gas -34.538 -50.330 
Electricity -21.205 -31.744 
Households -1.680 -2.504 
Total3 -19.468 -29.322 
3 The corresponding price elasticity of energy consumption is -0.38 in Scenario 1 
and -0.31 in Scenario 2. 
First, as can be seen, energy consumption is reduced in all sectors. 
Accordingly, CO z emissions fall in all sectors. Looking at the rates of reduction 
for both sectoral energy consumption and C 0 2 emissions, we can see that these 
are similar in both size and ranking across sectors. This implies that the amount 
of carbon emitted per unit of the sector's energy use remains largely unchanged. 
Second, in relative (percentage) terms, energy consumption in the coal 
sector and the corresponding C 0 2 emissions in 2010 are reduced most under both 
scenarios. This is because the largest increase in the price of coal leads to the 
largest decrease in the demand for it. In contrast to the largest effect on the coal 
sector, a slight reduction is observed for households. This is because the carbon 
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taxes are applied only to industries for their use of fossil fuels, and not to 
households for their final energy demand. 
Third, the reduction in total C 0 2 emissions is larger than the reduction in 
total energy consumption. This is due to a shift in fuel consumption away from 
coal towards oil as shown in Table 7.3.8, the latter being less carbon-polluting 
than coal. Moreover, the larger the reduction in C 0 2 emissions, the larger the 
extent to which such fuel switching takes place. 
Fourth, the price elasticity of energy consumption rises as the carbon 
emission targets become more stringent, so does the price elasticity of carbon 
abatement because of the increasing marginal cost of emission reduction. 
Table 7.3.7 Sectoral C02 emissions in 2010 
(percentage deviations relative to the baseline; -: declines) 
Scenario 1 Scenario 2 
Agriculture -0.486 -0.281 
Heavy industry -25.779 -36.729 
Light industry -26.703 -38.038 
Transport & Communication -17.277 -35.097 
Construction -16.230 -24.275 
Services -21.344 -29.033 
Coal -43.765 -59.237 
Oil -7.657 -17.019 
Natural gas -34.027 -49.657 
Electricity -21.606 -32.305 
Households -1.675 -2.497 
Total -20.135 -30.112 
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Table 7 . 3 . 8 Breakdown of fossil fuel use in 2010 (%) 
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Baseline Scenario 1 Scenario 2 
Coal 74.0 69.2 67.5 
Oil 22.1 26.9 28.7 
Natural gas 3.9 3.9 3.8 
Total fossil fuel 100.0 100.0 100.0 
Table 7 . 3 . 9 Contribution by fuel user to C02 emissions reduction in 2010 (%) 
Scenario 1 Scenario 2 
Agriculture 0.023 0.009 
Heavy industry 49.675 47.325 
Light industry 4.613 4.394 
Transport & Communication 9.164 12.448 
Construction 2.531 2.531 
Services 7.698 7.001 
Coal 7.092 6.418 
Oil 1.396 2.074 
Natural gas 0.128 0.125 
Electricity 16.581 16.578 
Households 1.100 1.097 
Total 100 100 
Tables 7.3.9 shows the contribution by each fuel user to C 0 2 emissions 
reduction in 2010. This depends on both the carbon intensity of each sector and 
the change in level of economic activity. The higher the carbon intensity of one 
sector and the larger the reduction in its activity level, ceteris paribus, the bigger 
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will be the contribution by that sector to C 0 2 emissions reduction. The combined 
effects make, in absolute terms, that the largest reductions occur in the heavy 
industry. As can be seen, almost half of the total reduction is realized in this 
sector. The contribution by the electricity sector ranks second, which is expected 
to be about 17% under both scenarios. In contrast to these large contributors, the 
contribution by households and agriculture is negligible, which together contrib-
ute to only about 1 % of total reduction in C 0 2 emissions. 
7 .4 Carbon tax revenue recycling scenarios 
Imposing a carbon tax will raise government revenues. As Table 7.4.1 shows, a 
carbon tax of 205 yuan per ton of carbon would raise an additional government 
revenue of 261.3 billion Chinese yuan in 2010, while the corresponding amount 
of revenue for a carbon tax of 400 yuan/tC would be 448.5 billion Chinese yuan. 
Measured as a percentage of GNP in 2010, these government revenues corre-
spond to 1.4% and 2.4% respectively. These amounts are certainly not negli-
gible. How these revenues are used will affect the overall economic burden of 
carbon taxes. In this section, I will consider uses of these revenues raised to 
reduce the adverse effects of the carbon taxes discussed in the previous section by 
reducing inefficiency elsewhere in the economy. 
With respect to the uses of the revenues, there are many alternatives. In 
Sections 2.5 and 4.4, it has been argued that the macroeconomic effects of 
offsetting carbon tax revenues with reductions in indirect taxes are more positive 
than in other tax offset cases. Thus, this will probably be the most likely use of 
the revenues. For this reason, I have adopted this option. 
To determine how large the efficiency improvement might be by this 
option, four tax reform simulations are constructed. 
Reforms la and lb are based on Scenario 1. This means that the level of 
carbon tax in Reforms la and lb is the same as in Scenario 1, which is 205 yuan 
per ton of carbon as shown in Table 7.4.2. But in the two simulations, part of 
the carbon tax revenues is recycled into the economy by means of equally 
reducing indirect taxes by 5% and 10% respectively. 
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Similarly, Reforms 2a and 2b are based on Scenario 2. They maintain the 
carbon tax of Scenario 2, but indirect tax rates for all sectors are equally reduced 
by 5% and 10% respectively. 
Table 7.4.1 Government revenues in 2010 
Baseline Scenario 1 Scenario 2 
Cut in C 0 2 emissions1 - -20.1 -30.1 
Government revenues2 42642.8 44569.0 45769.7 
of which 
Indirect tax 2 22525.7 22247.0 22043.7 
Carbon tax2 - 2613.0 4485.5 
Carbon tax revenues/GNP (%) - 1.4 2.4 
Change in government revenues1 - 4.5 7.3 
1 Percentage deviations relative to the baseline (-: declines); 
2 Measured in 100 million yuan. 
Table 7.4.2 shows results in 2010 of the two simulations based on 
Scenario 1. Because there is a slightly smaller reduction in C 0 2 emissions in 
Reforms la and lb than in Scenario 1, the carbon tax revenues from Reforms la 
and lb are slightly higher than Scenario 1. Moreover, as a result of the reduction 
in indirect tax rates, the total government revenues fall by 2.2% for Reform la 
and by 4.2% for Reform lb relative to Scenario 1. The larger reduction in the 
revenues from Reform lb is due to a larger reduction in indirect tax rates in 
Reform lb than that in Reform la. With respect to the GNP effect, our results 
show that a 1.52% GNP loss under Scenario 1 is converted to a 1.51% loss in 
Reform la and a 1.47% loss in Reform lb. These results suggest increased 
improvement in GNP if a larger reduction of indirect tax rates took place, 
although the improvement is small. The improvement is due to an increase in 
private consumption and international competitiveness of Chinese industries. By 
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contrast, the welfare effect is markedly improved. As can be seen, a 1.08% loss 
under Scenario 1 is converted to a 0.41% loss in Reform la and even a 0.23 gain 
in Reform lb. 
Table 7.4.2 Selected results for revenue experiments in 2010, related to 
Scenario 1 
Scenario 1 Reform la Reform lb 
Cut in C 0 2 emissions1 -20.13 -20.06 -19.93 
Carbon tax (yuan/tC) 205 205 205 
Real GNP 1 -1.52 -1.51 -1.47 
Welfare1-2 -1.08 -0.41 0.23 
Private consumption1 -1.17 -0.52 0.13 
Exports1 -5.38 -5.19 -4.97 
Government revenues3 44568.96 43576.31 42686.11 
of which 
Indirect tax 3 22247.03 21112.22 20075.2 
Carbon tax 3 2613.03 2616.56 2621.67 
Change in government revenues1 4.52 2.19 0.10 
Change in government revenues4 -2.23 -4.22 
1 Percentage deviations relative to the baseline (-: declines); 
2 Measured in Hicksian equivalent variation. 
3 Measured in 100 million yuan; 
4 Percentage deviations relative to Scenario 1 (-: declines). 
Table 7.4.3 tells the same story, showing those results of the two simula-
tions based on Scenario 2, although they are numerically different from the 
results for Reforms la and lb. One important feature of the two simulations is 
the large improvement in GNP and welfare relative to Scenario 2, particularly for 
Reform 2b. This means that as the target of C 0 2 emissions becomes more 
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stringent, the positive effects of offsetting the carbon tax revenues with reductions 
in indirect taxes on GNP and welfare become more notable. This has been clearly 
shown in Figures 7.4.1 and 7.4.2, which illustrate the effects of reductions in 
indirect tax rates ranging from zero to 12% on GNP and welfare. As can be 
seen, a larger reduction of indirect taxes leads to a less negative economic growth 
and better welfare compared with the baseline. This finding has an important 
policy implication, as it suggests that if the target of C 0 2 emissions becomes 
more stringent (i.e. fossil fuels are taxed more heavily by carbon taxes), it will 
become more worthwhile to lower indirect taxes in order to reduce the adverse 
effects of a carbon tax. 
Table 7.4.3 Selected results for revenue experiments in 2010, related to 
Scenario 2 
Scenario 2 Reform 2a Reform 2b 
Cut in C 0 2 emissions1 -30.11 -30.01 -29.16 
Carbon tax (yuan/tC) 400 400 400 
Real GNP 1 -2.76 -2.75 -2.18 
Welfare1-2 -1.75 -1.09 -0.25 
Private consumption1 -2.97 -2.33 -0.91 
Exports1 -7.45 -7.23 -6.10 
Government revenues3 45769.74 44791.17 44181.26 
of which 
Indirect tax 3 22043.67 20919.40 19877.03 
Carbon tax 3 4485.49 4493.53 4555.67 
Change in government revenues1 7.33 5.04 3.61 
Change in government revenues4 -2.14 -3.47 
1 Percentage deviations relative to the baseline (-: declines); 
2 Measured in Hicksian equivalent variation. 
3 Measured in 100 million yuan; 
4 Percentage deviations relative to Scenario 1 (-: declines). 
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Figure 7.4.2 Welfare effect of indirect tax offset relative to Scenario 2 
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7.5 Comparison with other studies for China 
Several studies have already addressed the issue of fossil fuel C 0 2 emissions in 
China and/or of cost of their reductions. In this section, I will compare our 
results with those obtained by others, in terms of both the baseline scenarios and 
the carbon constraint scenarios. 
Other studies considered for comparison include not only the well-known 
global studies based on GLOBAL 2100 and GREEN, but also the single-country 
studies by the US Argonne National Laboratory (ANL) and the Chinese Academy 
of Social Sciences (CASS). In Section 3.8, I already described these global 
studies. Thus prior to the comparison, I describe only briefly the two single-
country studies. The ANL study is based on China's dynamic linear program-
ming model, which has been adapted from the Dervis et al. (1982) model and 
aims to analyse the growth effect of various C 0 2 mitigation strategies (Rose et 
al., 1994). The CASS study, which is not a carbon abatement cost study, is 
based on China's system dynamics model and aims to forecast economic and 
social development in China under various circumstances (Yao et ah, 1994). 
Because these two single-country studies do not simulate the economic adjustment 
of a carbon tax, they are only referred to when comparing the baseline scenarios. 
7.5.1 Comparison of the baseline scenarios across models 
I start with comparing the baseline scenarios across models. Table 7.5.1 summar-
izes the results for the baseline scenarios across models. 
As Table 7.5.1 shows, both GLOBAL 2100 and GREEN project very low 
growth rates of C 0 2 emissions in China over the period 1990 - 2010. The results 
are as expected because both models set exogenously a very low growth rate of 
real GDP for China as specified by the Energy Modelling Forum at Stanford 
University, 1 5 i.e. at 4.25% per annum during this period. Given that the target 
1 5 This is the so-called EMF-12 study. For models participating in EMF-12, 
including GLOBAL 2100 and GREEN, the common assumptions about e.g. GNP 
growth rate for each region have been adopted. For a complete description of 
EMF-12, see Gaskins and Weyant (1993). 
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planned by the Chinese government is 8% to 9% annually over the period 1990 -
2000, which implies an annual growth rate of 3.9% to 4.4% over the period 
1990 - 2010 even if zero rate of economic growth took place over the period 
2000-10, the assumption about GDP growth in GLOBAL 2100 and GREEN is 
thus considered most unrealistic. Consequently, the baseline carbon emissions as 
estimated by GLOBAL 2100 and GREEN should be regarded as most optimistic 
from the point view of C 0 2 emissions. By contrast, the baseline C 0 2 emissions 
estimated in the ANL study are the highest. This is also not surprising because 
energy conservation plays only a limited role in reducing C 0 2 emissions in the 
ANL study, so that its baseline carbon emissions rise at almost the same rate as 
GDP. Given the optimistic economic growth and the most pessimistic view of 
energy conservation potential in the ANL study, the baseline emissions should be 
regarded as a worst-case scenario from the point view of C 0 2 emissions. 
By comparison with the two extremes above, the baseline C 0 2 emissions 
estimated in the CASS study and by our model are in the middle of the pack. 
Comparing our results with the CASS results, however, we think that the latter 
are relatively optimistic in terms of both economic growth and energy conserva-
tion. In the CASS study, economic growth is estimated to be 8.8% annually over 
the period 1990 - 2010, which is on the high side of 8% to 9% planned for the 
period 1990 - 2000, and there is also a lack of backing from conventional 
wisdom for its energy conservation rate. In addition, the CASS study estimates 
the increased carbon intensity of energy use during the period under consider-
ation. This contrasts sharply with the general finding that the carbon intensity of 
energy use is expected to be reduced, although the extent of such a reduction is 
not very large (see e.g. Zhang (1991), EWC/ANL/TU (1994) and this chapter). 
From the preceding discussion, it thus follows that our estimates of the 
baseline C 0 2 emissions represent the most plausible cases of all the models con-
sidered, although they are not a projection of what would actually happen in 
China if carbon emissions restriction was not imposed. 
Table 7.5.1 A comparison of the baseline scenarios across models in 2010 
Our CGE model GLOBAL 2100 GREEN ANL CASS 
C 0 2 emissions (MtC)a 1441.3 937.0 1363.0 1959.0 1427.0 
Growth rate of C 0 2 emissions (%)b 4.59 1.92 4.12 7.73 5.07 
Growth rate of GNP (%)b 7.95 4.25 4.25 8.00 8.80 
Energy conservation rate (%)b 2.84 3.72 
Change rate of C 0 2 emissions per 
unit of energy use (%) b , c -0.28 0.32 
a C 0 2 emissions in the ANL are measured in tons of carbon dioxide. Divide by 3.67 to convert to tons of carbon. 
b Average annual rate over the period 1990 - 2010. 
c -: declines. 
Sources: Manne (1992); Martins and Burniaux et al. (1993); Rose et al. (1994); Yao et al. (1994); Own calculations. 
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7.5.2 Comparison of the carbon constraint scenarios across models 
Let us now compare the results for the carbon constraint scenarios. As mentioned 
earlier, because these two single-country studies do not simulate the economic 
adjustment of a carbon tax, a comparison of the carbon constraint scenarios only 
takes place between the global studies and our study. 
Using GLOBAL 2100 benchmarked against the 1990 base year, Manne 
(1992) estimates, among other things, a GDP effect of 1% and 2% annual 
reductions in the rate of C 0 2 emissions growth relative to the baseline. In 
absolute terms, these are equivalent to a 18.0% cut and a 32.7% cut in CO z 
emissions in 2010 relative to the baseline. Table 7.5.2 shows the results of the 
two simulations labelled as Scenarios 1% and 2% respectively. To allow the 
results to be compared more easily with our results, we interpolate the carbon 
taxes required and the associated GDP losses from achieving the same reductions 
in C 0 2 emissions as those in our study, assuming that the change in carbon tax 
and the GDP effect are linear with respect to the magnitudes of reductions in 
carbon emissions. The results are given in parentheses in Table 7.5.2. This table 
also shows the simulation results of the 1% and 2% annual reductions in baseline 
carbon emission growth using GREEN as well as the required carbon taxes and 
the associated GDP losses converted to achieve the same carbon reductions as 
those in our study. 
From Table 7.5.2, it can be seen that our estimates of a reduction in GNP 
growth are higher than those by GLOBAL 2100 and GREEN. Although it is 
difficult to provide a completely rigorous explanation for the differences between 
these results, there are possibilities of identifying the sources of the differences, 
if not to quantify their significance. 
First, the economic costs of a carbon constraint are determined to a large 
extent by the baseline of C 0 2 emissions. The more rapid the growth of uncon-
trolled emissions under business-as-usual, the larger the size of the gap between 
uncontrolled emissions and a particular target and hence the higher the costs to 
meet the target. Given that our baseline of carbon emissions is higher than that in 
GLOBAL 2100 and GREEN, it should thus come as no surprise that our esti-
mates of GNP loss are higher than those by GLOBAL 2100 and GREEN. 
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Table 7.5.2 A comparison of C02 emission reductions, carbon taxes and growth 
effect across models in 2010 
COz emissions3 Carbon taxb GNP (GDP)
3 
GLOBAL 2100c 
Scenario 1% -18.036 57.999 -0.783 
Scenario 2% -32.657 165.837 -2.127 
Scenario 1 (-20.135) (73.480) (-0.976) 
Scenario 2 (-30.112) (147.066) (-1.893) 
GREEN0 
Scenario 1% -17.535 8.000 -0.200 
Scenario 2% -32.135 20.000 -0.500 
Scenario 1 (-20.135) (10.137) (-0,253) 
Scenario 2 (-30.112) (18.337) (-0.458) 
Our CGE model 
Scenario 1 -20.135 17.929 -1.521 
Scenario 2 -30.112 34.983 -2.763 
3 Percentage deviations relative to the corresponding baseline (-: declines); 
b Measured in US dollars per ton of carbon. In GLOBAL, carbon taxes are 
measured at 1990 prices, in GREEN at 1985 prices, and in our model at 1987 
prices; 
c The figures in parentheses result from interpolating the carbon taxes required 
and the associated GDP losses that have originally been estimated by GLOBAL 
2100 and GREEN in order to achieve the same carbon reductions as those in our 
study. 
Sources: Manne (1992); Martins and Burniaux et al. (1993); Own calculations. 
The second reason is related to the sectoral aggregation of the Chinese 
economy. Our model is much disaggregated compared with GLOBAL 2100, the 
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latter including a macroeconomic growth model with only one final output good 
in its highly aggregated representation of the economy. Our model is also 
relatively disaggregated compared with GREEN, the production block of which 
includes only eight sectors. This implies less substitutability in our model and 
hence leads to higher economic costs, since the implicit assumption of aggrega-
tion is that all output and resources within one aggregate are perfect substitutes. 
The third reason is related to the model type. Our model is a single-
country CGE model. It is able to calculate the economic effects of unilateral 
carbon taxes on China, assuming that its trade partners do not react to carbon 
taxes. By contrast, GREEN is a global CGE model, with China being treated as a 
separate region. This global model allows for computing regional economic 
implications of region-specific carbon taxes under the assumption that all trade 
partners do react to carbon taxes, although the extent of reaction may vary 
significantly among partners. Because the global model takes into account actions 
of all trade partners, this may make its results different from those of a single-
country model. For instance, although both GREEN and our model estimate that 
the coal sector in China is affected most severely as a result of the imposition of 
carbon taxes, their estimates of the effect on energy intensive industry quite 
differ. In our model, the energy intensive industry (the heavy industry) in China 
is estimated to be negatively affected by the imposition of unilateral carbon taxes 
because this sector uses a large proportion of intermediate inputs both directly 
and indirectly, while in GREEN, its output is virtually unchanged (Burniaux et 
al., 1991) because of the relative improvement in Chinese energy intensive 
goods' competitiveness via trade reallocation. The differing effects brought about 
by the imposition of unilateral carbon taxes or by the imposition of regional 
carbon taxes may partly explain why the estimates of China's GNP loss by our 
model are lower than those by GREEN. This suggests that the economic cost of 
carbon abatement in China would not appear to be that high if actions of its trade 
partners were taken into account. This finding is also consistent with results from 
studies based on the game theory, which demonstrate that cooperative outcomes 
are better than noncooperative ones in terms of the cost-effectiveness of emission 
reduction (cf. Barrett, 1990). 
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Let us now explain the differences between the carbon taxes required 
across models. 
First, the magnitude of the carbon tax depends on the size of the gap 
between uncontrolled emissions and a particular target. The larger the gap, the 
more carbon is to be reduced to meet the emission target and hence the higher 
will be the carbon tax required. This explains why our estimates of carbon tax 
are higher than those by GREEN and why a larger absolute cut in C 0 2 emissions 
will require a higher carbon tax, as shown by the estimates with GLOBAL 2100 
and our model. When explaining why GLOBAL 2100 gives higher carbon taxes 
than our model, however, this explanation does not hold. We will come back to 
this issue later. 
Another reason why the carbon tax is lower in GREEN than that in our 
model is related to the benchmark value of domestic energy prices in China. In 
GREEN, although the year 1985 is chosen as the base year, China's input-output 
table for 1981 is used, while in our model China's 1987 input-output table is 
used. Given that fossil fuels, particularly coal, were more heavily subsidized in 
1981 than in 1987, 1 6 it is not surprising that GREEN requires lower carbon 
taxes than our model, because GREEN has lower baseline prices of fossil fuels. 
Let us return to the carbon tax level of GLOBAL 2100. There have been 
a number of critiques of the study of Manne and Richels (1990). These critiques 
include that of Williams (1990), Hogan (1990) and Morris et al. (1991), who 
considered that the carbon tax level estimated by GLOBAL 2100 is too high. 
Here I mention two factors that are of crucial importance for the high carbon tax 
level of GLOBAL 2100. 1 7 
The first factor is the autonomous energy efficiency improvement (AEEI). 
This parameter is considered to be crucial to limiting the tax level required. In a 
1 6 As shown in Table 3.5.3, the ratio of domestic coal price to world coal 
price was 0.84 in 1989, while the corresponding figure is only 0.45 in GREEN 
(Lee et al, 1994). If we define fossil fuel subsidies as the difference between 
domestic fossil fuel prices and their world prices, this means that coal is more 
heavily subsidized in GREEN than in our model. 
1 7 For detailed critiques, see Williams (1990) and Hogan (1990). 
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series of studies based on GLOBAL 2100 (Manne and Richels, 1990, 1991a, 
1991b; Manne, 1992), however, Manne and Richels have been unduly pessimistic 
in choosing the values of the AEEI parameter. For instance, Manne (1992) 
assumes that for China the AEEI is 1 % per year. This value is much lower than 
3.6% observed over the period 1980-90 (see Section 3.5). The assumed low 
value of the AEEI parameter makes energy conservation as modelled in GLO-
BAL primarily a result of the imposition of a carbon tax. This in turn would lead 
to a high level of carbon taxes in order to reduce C 0 2 emissions to the target 
level. 
Second, the abatement options considered and the estimated costs of the 
options will also affect the carbon tax rates required. As discussed in Section 4.3, 
the core of GLOBAL 2100 is the ETA module with the explicit, process-oriented 
description of energy supply technologies. Williams (1990) thinks that the options 
for reducing C 0 2 emissions are much broader than those considered by Manne 
and Richels (1990). Moreover, Williams argues that ETA may overstate the costs 
of important alternative low carbon-polluting energy technologies because no 
account is taken of near-term opportunities for cost reduction for these options. 
Where there are few economically feasible substitutes available, the effectiveness 
of a carbon tax is likely to be much more limited. Thus, in order to make these 
alternative technologies become competitive with traditional high carbon-polluting 
technologies, a higher carbon tax is required than would otherwise have been the 
case. 
Despite numerical differences across models in the carbon tax rates and 
their associated costs, the following consensuses emerge: 1 8 
First, a larger absolute cut in C 0 2 emissions will require a higher carbon 
tax. Moreover, carbon tax rises at an increasing rate as the target of C 0 2 
emissions becomes more stringent, indicating that large reductions in carbon 
emissions can only be achieved by ever-larger increases in carbon taxes. 
1 8 The first two consensuses are also in line with general findings from other 
CGE studies; see e.g. Conrad and Schroder (1991) for Germany; Jorgenson and 
Wilcoxen (1993a, 1993b) for the United States; Beausejour et al. (1995) for 
Canada; and Martins and Burniaux et al. (1993) for the global study. 
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Second, the associated GNP losses rise as the carbon emission targets 
become more stringent. Moreover, they tend to rise more sharply as the degree 
of the emission reduction increases. 
Third, China would be one of the regions hardest hit by carbon limits. 
This is reflected by the fact that China's GNP losses under less restrictive carbon 
limits are in the same range as the often reported estimates for industrialized 
countries under very restrictive carbon limits. 
Note that the preceding discussion focuses on China. Nevertheless it is 
worthwhile comparing the magnitude of carbon tax across regions because it 
forms a basis for China's development of joint implementation projects with other 
countries. Using the same labels as those in Table 7.5.2, Table 7.5.3 shows the 
carbon taxes across regions of the 1% and 2% annual reductions in baseline 
carbon emission growth using GREEN, as well as the required carbon taxes 
converted to achieve the same carbon reductions as in our study, the latter given 
in parentheses. 
Comparing the carbon tax levels in Table 7.5.3 with those in Table 7.5.2, 
we can see that the carbon taxes required in China are much lower than for both 
the industrialized countries and the world average in order to achieve the same 
emission reductions relative to the baseline. This significant differences in carbon 
tax levels across regions point to opportanities for international trade in carbon 
emission permits to reduce the global costs of abating C 0 2 emissions. However, 
it is unlikely that a global regime of tradeable carbon permits will emerge in the 
near future. Thus, as a preliminary step towards that regime, joint implementa-
tion mechanism, although not without conceptual problems, 1 9 should be con-
sidered a means of reducing global C 0 2 emissions effectively. This mechanism 
will not only help China, which is becoming an important source of future C 0 2 
1 9 Currently, policymakers are exploring opportunities for joint implementa-
tion, which might eventually lead to an international carbon emission permits 
market. A detailed discussion of this mechanism, however, is beyond the scope 
of this study. See Jepma (1995), Jones (1994), Michaelowa (1995), Ramakrishna 
(1994) and Footnote 31 in Section 2.5 for the conceptual base, the institutional 
aspects and the illustrative experiences accrued thus far with respect to joint 
implementation, and Footnote 32 in Section 2.5 and Tietenberg and Victor (1994) 
for the implementation issues for a global tradeable carbon permits regime. 
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emissions, alleviate the suffering from possible future carbon limits, but also act 
to lower the costs of undertaking carbon abatement in the industrialized countries 
that are currently responsible for the majority of global C 0 2 emissions and hence 
to reduce the competitive disadvantage and carbon leakage associated with purely 
unilateral policies in these countries. Worldwide, this will achieve global carbon 
abatement at a lower overall cost than would otherwise have been the case. 
Table 7.5.3 Carbon taxes across regions in 2010 (in 1985 $ per ton of carbon)' 
USA Japan EEC Total 
OECD 
China World 
Scenario 1% 39 46 71 48 8 34 
Scenario 2% 139 116 180 152 20 105 
Scenario 1 (53.4) (55.9) (85.7) (62.7) (10.1) (45.1) 
Scenario 2 (120.3) (103.1) (158.6) (132.3) (18.3) (92.9) 
a The figures in parentheses result from interpolating the carbon taxes required 
and the associated GDP losses that have originally been estimated by GREEN in 
order to achieve the same carbon reductions as those in our study. 
Sources: Martins and Burniaux et al. (1993); Own calculations. 
7.6 Concluding remarks 
As a starting point of macroeconomic analysis of carbon emission limits, a 
baseline scenario has first been developed under a set of assumptions about the 
exogenous variables. The calculation results show that a rapid growth of the 
Chinese economy will take place until the year 2010. Consequently, this will lead 
to increased energy consumption and hence C 0 2 emissions, despite substantial 
energy efficiency improvement. Moreover, a comparison with other studies for 
China has shown that of all the models considered, our estimates of the baseline 
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C 0 2 emissions represent the most plausible cases from the point view of C 0 2 
emissions. 
Then, using a time-recursive dynamic CGE model and assuming that 
carbon tax revenues are retained by the government, Section 7.3 analyses the 
implications of two less restrictive scenarios under which China's C 0 2 emissions 
in 2010 will be cut by 20% and 30% respectively relative to the baseline. Our 
main findings can be summarized as follows. 
First, a larger absolute cut in C 0 2 emissions will require a higher carbon 
tax. Higher tax also implies higher prices of fossil fuels. Moreover, carbon tax 
rises at an increasing rate as the target of C 0 2 emissions becomes more stringent, 
indicating that large reductions in carbon emissions can only be achieved by ever-
larger increases in carbon taxes and hence prices of fossil fuels. 
Second, even under the two less restrictive carbon emission scenarios, 
China's GNP drops by 1.5% and 2.8% and its welfare measured in Hicksian 
equivalent variation drops by 1.1% and 1.8% respectively in 2010 relative to the 
baseline, indicating that the associated GNP and welfare losses tend to rise more 
sharply as the degree of the emission reduction increases. Given the often 
reported losses of 1-3 per cent of GDP in industrialized countries under very 
restrictive carbon limits, the results also support the general finding from global 
studies that China would be one of the regions hardest hit by carbon limits. 
Third, although aggregate gross production tends to decrease at an 
increasing rate as the carbon dioxide emission target becomes more stringent, 
changes in gross production vary significantly among sectors in both absolute and 
relative terms. Of the ten sectors considered, we found that the coal sector is 
affected most severely in terms of output losses under the two C 0 2 constraint 
scenarios. Consequently, this will lead to a considerable decline in the sector's 
employment. 
Fourth, of the four adjustment mechanisms considered, lower energy input 
coefficients contribute to the bulk of energy reduction and hence C 0 2 emissions 
in 2010 under the two C 0 2 constraint scenarios, followed by a change in the 
structure of economic activity. With respect to the contributions to C 0 2 abate-
ment in 2010, although in relative (percentage) terms energy consumption in the 
coal sector and the corresponding C 0 2 emissions in 2010 are reduced most under 
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both scenarios, in absolute terms, the largest reductions occur in the heavy 
industry. 
In Section 7.4, we have computed the efficiency improvement of four 
indirect tax offset scenarios relative to the two tax retention scenarios above. The 
four simulations labelled as Reforms la, lb, 2a and 2b respectively show that if 
these revenues were used to offset reductions in indirect taxes, the negative 
impacts of carbon taxes on GNP and welfare would be reduced. Moreover, as 
shown by Reforms 2a and 2b as well as in Figures 7.4.1 and 7.4.2, the effi-
ciency improvement tends to rise as the target of C 0 2 emissions becomes more 
stringent (i.e. fossil fuels are taxed more heavily by carbon taxes). This suggests 
that it would become more worthwhile to lower indirect taxes in order to reduce 
the adverse effects of a carbon tax. 
In Section 7.5, a comparison with other studies for China has been made. 
It has been indicated that our estimates of the reduction in GNP growth are 
higher than those by GLOBAL 2100 and GREEN in order to achieve the same 
reductions in C 0 2 emissions relative to the baseline. This might be related to 
three factors. First, our baseline of carbon emissions is higher than that in 
GLOBAL 2100 and GREEN. Second, our model is relatively disaggregated 
compared with both GLOBAL 2100 and GREEN. This implies less 
substitutability in our model, leading to higher economic costs. Third, model 
types matter. While in our single-country model one branch of industry is 
estimated to be negatively affected under the carbon constraints, this would not 
always be the case in a global model such as GREEN because of the relative 
improvement in Chinese branch goods' competitiveness via trade reallocation. 
The differing effects brought about by the imposition of unilateral carbon taxes or 
regional carbon taxes could be part of the explanation for the higher GNP losses 
in our model. 
With respect to the carbon taxes required to achieve the same carbon 
reductions in 2010 relative to the baseline, our estimates are on the one hand 
higher than those by GREEN. This is because GREEN has a smaller size of the 
gap between the uncontrolled emissions and the emission target, and because 
GREEN has lower baseline prices of fossil fuels. On the other hand, our esti-
mates are lower than those by GLOBAL 2100. This is because GLOBAL 2100 
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assumes lower values of the AEEI parameter, and because GLOBAL 2100 
considers limited options for reducing C 0 2 emissions and overstates the costs of 
some important alternative low carbon-polluting energy technologies. 
Finally, comparing carbon tax levels across the regions considered shows 
that the carbon taxes required in China are much lower than those for both the 
industrialized countries and the world average in order to achieve the same 
emission reductions relative to the baseline. This suggests that the joint implemen-
tation mechanism as a preliminary step towards a global regime of tradeable 
carbon permits should be considered a means of reducing global C 0 2 emissions 
effectively. This mechanism will not only help China, which is becoming an 
important source of future C 0 2 emissions, alleviate the suffering from possible 
future carbon limits, but also act to lower the costs of undertaking carbon 
abatement in the industrialized countries. 

8 COST-EFFECTIVE ANALYSIS OF CARBON ABATEMENT 
OPTIONS IN CHINA'S ELECTRICITY SECTOR1 
8.1 Introduction 
Faced with the likely threat of global warming, society is being asked to take 
necessary measures in response. In Chapter 2, it has been pointed out that a well-
designed limitation strategy is of great policy relevance. Thus, it seems logical, 
once the preventive position is adopted, to assume that policymakers would wish 
to pursue such a strategy in the most cost-effective manner in order to obtain 
political support. 
This chapter attempts to identify the most cost-effective options for carbon 
abatement in the electricity sector and is thus devoted to satisfying energy 
planning requirements in the C 0 2 context. There were at least four reasons for 
focusing on this sector. First, as discussed in Chapter 3, the electricity sector is a 
major consumer of primary energy. Second, there are many more interfuel 
substitution possibilities in the electricity sector compared with other sectors. The 
third reason concerns joint implementation projects. Parikh (1995) argues that 
projects of these kinds should be related to development priorities of developing 
countries. As discussed in Section 3.7, projects for both increased generation 
efficiency and interfuel substitution in the electricity sector are clearly the 
priorities to be taken in China. Thus, the results obtained from studying the 
sector can contribute to forming a necessary basis for China's development of 
joint implementation projects with other countries. Fourth, although it would have 
been desirable, time constraints did not allow studying the Chinese energy system 
as a whole. 
This chapter proceeds as follows. Section 8.2 presents a brief introduction 
of two types of models commonly used to derive fuel choice in electricity 
generation. In Section 8.3, I describe the MARKAL model in detail, a general-
ized model for the least-cost energy planning, from which a technology-oriented 
1 A large part of this chapter will form the basis for an invited paper for a 
special issue of the International Journal of Global Energy Issues on the theme 
'Energy, Environment and Sustainable Development' (Zhang, 1996c). 
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optimization model for power system expansion planning is developed for the 
present study. Section 8.4 presents all the alternative electricity generation 
technologies considered in this study. The description of these technologies by 
their technical, economic and environmental parameters is the subject of Section 
8.5. In Section 8.6, a comparison of alternative power plants is made in terms of 
both generation costs and marginal costs of carbon abatement. In Section 8.7, the 
business-as-usual scenario is developed for electricity supply. In Section 8.8, the 
C 0 2 constraint scenarios are examined with respect to the baseline one. The 
chapter ends with some concluding remarks. 
8.2 Fuel choice: econometric approach versus optimization approach 
Two types of models are commonly used to derive fuel choice in electricity 
generation for an exogenously-determined electricity demand: one is based on 
econometric approaches, and the other is to use optimization models. The 
econometric approach relies largely on econometric estimates of behavioural and 
interfuel substitution of power supply in response to changes in the relative fuel 
prices. The variables concerned, e.g. flows of economic activities and energy 
flows, are treated in monetary terms. By contrast, the optimization approach is 
technology-oriented, thus describing energy flows of electricity generation in 
physical terms and explicitly representing alternative electricity generation 
technologies, including newly-emerging power supply technologies. 
8.2.1 Econometric approach 
As discussed in Chapter 5, within the computable general equilibrium framework, 
production or cost functions of Leontief, Cobb-Douglas, and/or CES (constant 
elasticity of substitution) forms are most commonly used for operational simplic-
ity. These function forms, however, impose a prior restriction on the Allen 
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2 See, for example, Berndt and Wood (1975) and Chambers (1988) for the 
derivation of this parameter. 
3 See, for example, Chambers (1988) and Varian (1992) for a further dis-
cussion of the properties of these function forms. 
4 See, for example, Berndt and Wood (1975) and Smith (1989) for a deriva-
tion of the translog cost share specification. 
elasticities of substitution:2 the CES cost function assumes a constant elasticity of 
substitution between a pair of inputs, the Cobb-Douglas function imposes a 
unitary elasticity of substitution, and Leontief function implies zero elasticity of 
substitution between factor inputs. Moreover, none of these functions is flexible 
enough to allow differences in the elasticities of substitution between pairs of 
inputs when more than two exist. 3 
Our attention will now be restricted to fuel choice in electricity gener-
ation. This allows us to employ a more flexible specification capable of exploring 
substitution effects caused by relative price changes. Along this line, two much 
used forms are the so-called translog cost share specification and multi-nominal 
logit specification. The former is derived from static competitive cost 
miirimization under a translog unit cost function.4 According to the translog cost 
share specification, fuel choice depends on own-prices and cross-prices of 
competing fuels. The degree to which fuels may be substituted for one another is 
measured by the Allen partial elasticities of substitution (AES). The AES are not 
constrained to be constant but may vary with the values of actual fuel cost shares. 
The higher the fuel cost shares, the lower the cross-price elasticities are and vice 
versa. 
Unlike the translog cost share specification, the multi-nominal logit 
specification is not based on assumptions of cost-minimization, but on a 
probabilistic choice model instead. It assumes that the own-prices and cross-
prices of competing fuels and other institutional and technological variables affect 
the probability of fuel choice. In practice, this implies that this logit specification 
can take the form of either relating the ratio of the share of two or more compet-
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ing fuels to their prices or including other variables that affect the probability of 
fuel choice. 5 
It should be noted that both translog cost share specification and multi-
nominal logit specification are estimated for thermal power generation, and do 
not allow substitution between fossil fuels and non-fossil ones, thus limiting the 
investigation of the possibilities of switching from high-carbon fossil fuels and 
technologies towards carbon-free counterparts for coping with the carbon 
emissions limits. It is of policy relevance to do such an investigation, although it 
is unlikely that a massive non-fossil fuel expansion could take place in response 
to price changes over the next 15 to 20 years (Hoeller and Coppel, 1992). 
8.2.2 Optimization approach 
The optimization model explicitly lists alternative electricity supply technologies, 
with each being characterized by its initial investment, transmission and distribu-
tion cost, fixed and variable operating and maintenance costs, generation effi-
ciency, plant utilization, plant lifetime, construction lead times, fuel require-
ments, dates of introduction, maximum rates of expansion and emissions coeffi-
cients. The optimization model is usually of an intertemporal structure and thus 
allows for interactions between periods for the introduction of newly-emerging 
power supply technologies. Once each alternative in a 'shopping list' is character-
ized, the optimization model simulates the competition among fuels and available 
supply technologies, and chooses the most cost-efficient mix of technologies and 
fuels to meet the exogenously-determined electricity demand if the minimization 
of discounted cost over the entire planning horizon is chosen as the objective 
function. 
8.3 The MARKAL model: theory and modifications 
5 See, for example, Edmonds and Reilly (1983) and Walker and Birol (1992) 
for the applications of multi-nominal logit specification. 
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For the cost-effective analysis of carbon abatement options in China's power 
sector, I have developed a technology-oriented optimization model for power 
system expansion planning. This model has been adapted from the MARKAL 
model (Fishbone et al., 1983). It chooses the minimization of discounted cost 
over the entire planning horizon as its objective function and incorporates a 
number of power-related constraints adopted by MARKAL. The model is 
programmed in GAMS, a widely available (non)linear prograrriming software 
package. 
Although developing the power planning model has been motivated by the 
fact that using MARKAL as a tool requires costly additional facilities,6 the 
equations in MARKAL are of a general nature. That is why I will give a 
comprehensive description of MARKAL. The purpose is not only to contribute to 
a better understanding of the whole energy system on which MARKAL is 
based, 7 but also to shed light on those power-related elements that form our 
power system expansion planning model. The description is based on related 
literature, including Fishbone et al. (1983), Stocks and Musgrove (1984), 
Kleemann and Wilde (1990), Kypreos (1990), Berger et al. (1991), Goldstein 
(1991), Zhang (1992). 
MARKAL, an acronym for MARKet ALlocation, is an optimization, 
dynamic, technology-oriented and demand-driven large scale linear programming 
model based on representing a physical flow of the energy supply system. 
Initially it was developed to explore technology options and cost for meeting 
demands for energy by Brookhaven National Laboratory (BNL) in the United 
6 MARKAL is written in OMNI, a character-oriented language. It is 
implemented using OMNI matrix generation and reporting software (from 
Haverly Systems), XPRESS-MP optimizer (from Dash Associates) and XPRESS-
OMNI Interface (from Haverly Systems). This limits to some extent access to it. 
Because of this, efforts are being made to rewrite MARKAL in GAMS by the 
Energy Technology Systems Analysis Programme of the International Energy 
Agency (IEA-ETSAP). See various issues of the IEA-ETSAP Newsletter. 
7 Current literature on the description of MARKAL is either unreadable or 
too condensed, a view shared by Kypreos (1990) who states that the complete 
description of MARKAL given in the User's Guide (Fishbone et al., 1983) is 
very difficult to access. 
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States and Kernforschungsanlage Jülich (KFA) in Germany, within the frame-
work of the International Energy Agency. MARKAL has been expanded to 
accommodate issues surrounding emissions of pollutants, and is used as a tool for 
the IEA-ETSAP. 
Within MARKAL, the energy system is divided into four technology 
classes: energy sources, process technologies, conversion technologies and 
demand devices. These classes are represented explicitly in the model in terms of 
their technical, economic and environmental characteristics. On the supply side, 
primary energy carriers are first extracted from resources, then transformed by 
supply technologies into a variety of secondary energy carriers such as fuels, 
electricity and low-temperature heat (also called district heat). MARKAL allows 
primary and/or secondary energy carriers to be imported or exported. Finally, all 
these energy carriers available to the system by domestic production and imports 
are consumed by a number of end-use demand devices that compete to satisfy 
various socio-economic needs usually expressed as useful or final energy 
demands in each sector of the economic system. A set of technologies related to 
extracting, converting, transporting and consuming energy constitute the refer-
ence energy system (RES) of the country in question. The RES also specifies the 
various energy carriers that are linked with these technologies. 
On representation of these technologies and energy carriers in a 'shopping 
list', MARKAL simulates the competition among fuels and available technol-
ogies, and produces, from the perspective of the whole system, the cost-efficient 
energy system subject to a set of constraints such as energy carrier balances, 
demand balances, allowable emissions, resources availability, technology capacity 
and plant maintenance scheduling when the minimization of discounted cost over 
the entire planning horizon is chosen as the objective function.8 
8.3.1 Technology description 
8 There are also other choices of the objective functions in MARKAL. See 
Section 8.3.4 for a further discussion. 
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MARKAL is a technology-oriented model. As shown in Figure 8 .1 , 9 the RES on 
which MARKAL is based includes a number of energy supply and end-use 
technologies available during the period under consideration, which are divided 
into four broad categories (classes) according to the energy carriers upon which 
they operate: 
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Figure 8.1 An illustrative reference energy system 
Source: Adapted from Kleemann and Wilde (1990). 
a) Energy sources - Also called resource (production) technologies. The 
sources of supply cover all means by which energy can enter or leave the system. 
This includes mining, imports, exports, renewables and stockpiling of energy 
carriers, the last one allowing energy carriers produced in one period to be 
consumed in a subsequent period. 
b) Conversion technologies — all types of load-dependent plants generat-
ing electricity or low-temperature heat or both. Clearly, a class of all coupled 
electricity and low-temperature heat production plants is a subset of the class. 
9 This is only for illustration. In reality, the RES in question is much more 
complicated than this one. 
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MAPvKAL models two types of coupled production plants: pass-out turbine and 
back-pressure turbine. The first type generates heat by passing steam out of the 
low stage turbine to a heat exchanger and thus to the district heating grid. It can 
operate following the load demand for heat by reducing part of the electricity 
production. The second type generates electricity and heat at a constant ratio and 
cannot do otherwise. 
c) Process technologies — all load-independent processes converting one 
energy carrier into another; and 
d) Demand devices — all devices consuming energy carriers to meet the 
end-use demands such as motive power, space heat, transportation, etc. 
The description of each technology requires technological, economic and 
environmental parameters. For each resource and resource technology, the 
parameters required include resource cost, period of first availability, environ-
mental emission coefficients, and security weight. For each process, conversion 
technology, and demand device, the requisite parameters include the following: 
technical lifetime, period of first availability, availability factor, energy effi-
ciency, costs of investment and fixed and variable operation and maintenance, 
and environmental emission coefficients. These data are collected, assembled and 
cast into a form susceptible of being included in the MARKAL database through 
the MARKAL Users Support System (MUSS), which is a relational database 
management system designed specifically to facilitate the use of the MARKAL 
model (Goldstein, 1991). 
8.3.2 Endogenous variables 
The MARKAL model contains four types of endogenous variables representing 
investment, capacity and production of a given technology, and activity of an 
energy source. These variables characterize the various forms of energy carriers 
from the sources of supply to the end-use devices, the sources of energy, and the 
capacities of energy technologies modelled in MARKAL and their levels of 
activity. 
a) Source activity variables 
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Energy carriers, excluding electricity and low-temperature heat, are mined, 
imported, exported, stockpiled or renewable, depending on the source specified. 
The source variables are defined for modelling the activity (production) of each 
energy-carrier resource. In Section 8.3.3, the variables represented by ACTskp(t) 
define the annual activity of energy carrier k from source s and location p in 
period /. 
Electricity can enter or leave the system by imports or exports. In Section 
8.3.3, two variables, IMPELCp(t) and EXPELCp(t), are defined to represent the 
annual import and export of electricity from location p in period t respectively. 
Unlike electricity, imports and exports of low-temperature heat are not 
allowed and hence no source variables are needed. 
b) Capacity and investment variables 
Each technology is described by the capacity and investment variables for each 
period, with investments being equal to newly-built capacity in that period. In 
Section 8.3.3, these two variables are represented by Cfi) and Ifi) respectively, 
the first defining the capacity of technology i installed available annually in 
period t, and the last one defining the newly-installed capacity of technology i at 
beginning of period t. 
c) Production variables 
Demand devices do not have production variables because their activity is assu-
med to be strictly proportional to the capacity, thus requiring only investment 
variables and capacity variables to model such technologies. In contrast, process 
and conversion technologies are modelled in MARKAL by production variables 
together with investment variables and capacity variables. The actual production 
is bounded by capacity and an annual availability factor. 
a) Annual production variable for each process technology which is 
defined by ACT ft) in Section 8.3.3. It represents the annual production of 
process i in period t. 
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b) Variable for seasonal production of low-temperature heat by each 
heating plant. The variable represented by LTHlz(t) in Section 8.3.3 describes the 
annual low-temperature heat production by heating plant i in period t for season 
z . 
c) Variable for seasonal and diurnal electricity production by each electric 
power plant. The variable represented by ELCizy(t) in Section 8.3.3 describes the 
annual electricity production by technology i in period t for season z and time of 
day y. For coupled production pass-out turbines, variables for electricity produc-
tion are defined for situations in which electricity and low-temperature heat are 
not produced proportionally. In addition, a seasonal and diurnal heat production 
variable is defined; the variables represented by LTHizy(t) in Section 8.3.3 
describe the annual low-temperature heat production by coupled-production pass-
out turbine i in period t for season z and time of day y. 
d) For conversion technologies with explicitly user-defined scheduled 
maintenance requirements, seasonal maintenance variables are defined for 
allocating the unavailability of the capacity installed due to a scheduled outage. In 
Section 8.3.3, the variables represented by Miz(t) describe the scheduled mainten-
ance for conversion technology i in period t for season z . 
8.3.3 Constraints 
A list of constraints incorporated in MARKAL is given below: 
• Fossil, nuclear and renewable fuel balances 
• Electricity balance seasonal and diurnal 
D Electric base load constraints 
• Electric peak load constraints 
• Seasonal low-temperature heat balances 
a District heat peak load constraints 
a Capacity interperiod transfer constraints 
a Technology capacity growth constraints 
• Cumulative energy resource availability 
a Energy-carrier resource growth constraints 
• Demand balances 
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Electricity production capacity constraints 
District-heating production capacity constraints 
Process-utilization capacity constraints 
Scheduled maintenance for conversion technologies 
Output-variable process balances 
Total investment growth constraints 
Bounds on production of conversion technology 
Emission constraints 
Ratio constraints 
In the following subsections, I will describe in some detail the main 
categories of these constraints in MARKAL, which tie the variables together. The 
endogenous variables and classes are written in capital letters, while the coeffi-
cients and bounds (also called the exogenous variables since they are exogenously 
determined) are written in lower-case letters. The coefficients characterizing a 
specific technology may change in each period to reflect ongoing technology 
development. The meaning of a symbol is explained on first use. With respect to 
symbolical order, classes are first defined, followed by indices, endogenous 
variables and parameters. Moreover, in doing so, I follow the notions of vari-
ables and coefficients used in the MARKAL User's Guide (Fishbone et al., 1983) 
as much as possible in order to help readers read the original MARKAL User's 
Guide. 
8.3.3.1 Flow balance constraints 
Three sets of energy carrier balances ensure that for each energy carrier the sum 
of availability to the energy system is no less than the total amount consumed by 
the system. The first set of energy carrier balances applies to the annual produc-
tion and consumption of fossil and nuclear fuels, the second set to the seasonal 
and diurnal electricity production and consumption, and the third one to seasonal 
production and consumption of low-temperature heat. 
a) Fossil and nuclear fuel balances 
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The left-hand side of fuel balances represents the sum of availability of a 
given energy carrier by mining and imports, while the right-hand side represents 
the sum of the exports of the energy carrier and the amount of the energy carrier 
consumed by all process technologies, all demand devices, all electric conversion 
technologies, all heating plants, and by all coupled-production pass-out turbines. 
where 
BPT Class of all coupled-production plants with back-pressure turbines. 
POT Class of all coupled-production plants with pass-out turbines. 
CPD Class of all conversion technologies generating both electricity and 
low-temperature heat. It is a union of the two sets POT and BPT. 
ELA Class of all electricity generating technologies. 
HPL Class of all technologies generating only low-temperature heat. 
CON Class of all plants generating electricity and/or low-temperature 
heat. It is a union of the two sets ELA and HPL. 
DMD Class of all end-use demand technologies. 
ENC Class of all energy carriers, excluding electricity and low-tempera-
ture heat. 
PRC Class of all process technologies. 
TCH Class of all technologies. It is a union of the three sets CON, PRC 
and DMD. 
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P Class of all locations of an energy carrier. 
T Class of all periods of the entire planning horizon. It is also 
defined as the number of periods in the entire planning horizon. 
Y Class of daily divisions (d refers to day division and n to night 
division). 
Z Class of seasonal divisions (w refers to winter, u to summer and m 
to intermediate). 
i Index for technologies. 
k Index for energy carriers. 
p Index for locations or destinations of an energy carrier. 
/ Index for time periods. 
y Index for daily divisions, 
z Index for seasonal divisions. 
ACTfi) Annual production (activity) of process i in period t. 
Ct(t) Capacity of technology i installed available annually in period t. 
ELCizy(t) Annual electricity production by plant i in period t for season z and 
time of day y. 
EXP^t) Annual export of energy carrier k to destination p in period t. 
LTHiz(t) Annual low-temperature heat production by heating plant i in 
period t for season z . 
LTHlzy(t) Annual low-temperature heat production by coupled-production 
pass-out turbine i in period t for season z and time of day y. 
IMPtyft) Annual import of energy carrier k from location p in period t. 
MINkp(t) Annual mining of energy carrier k extracted domestically from 
location p in period t. 
capuniti Factor converting units of capacity of technology i to units of its 
annual production (e.g. 31.536 PJ/GW). 
cehizy Ratio of electricity lost to low-temperature heat generated for 
coupled-production pass-out turbine i during season z and time of 
dayy. 
cfft) Average utilization factor of capacity of demand device i installed 
in period t. 
effft) Efficiency of demand device i in period t. 
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elrrii Allowable electric loss for coupled-production pass-out turbine i. 
inpu(t) Input of energy carrier k per unit of production of technology i in 
period t. 
mau(t) Market allocation of energy carrier k to demand device i in period 
t. 
tek Transmission and distribution efficiency for energy carrier k. 
b) Electricity balances 
In MARKAL, the year is divided into six time divisions which comprise three 
seasons - winter, summer and intermediate (spring and autumn) - and two daily 
divisions - day and night. Since electricity balances are daily-based in the model, 
six balance constraints are required in each period. 
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The left-hand side of electricity balances represents the sum of the imports 
of electricity and the amount of electricity generated by all electric conversion 
technologies plus heat-production-dependent electricity production by all coupled-
production pass-out turbines, while the right-hand side represents the sum of the 
exports of electricity and the amount of electricity consumed by all process 
technologies, all demand devices, energy-carrier resource activities, and by all 
storage conversion technologies. 
where 
DM 
SRC 
STG 
j 
s 
ACTskp(t) 
EXPELCp(t) 
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inpelCj(t) 
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te 
Class of all end-use energy demand categories. 
Class of all sources of supply of energy carriers. It includes 
mining (MIN), imports (IMP), exports (EXP), renewables (RNW) 
and stockpiling (STK) of energy carriers. 
Class of all electricity storage technologies, e.g., hydro-electric 
pumped storage. 
Index for energy demand categories. 
Index for sources of an energy carrier. 
Annual activity of energy carrier k from source s and location p in 
period t. 
Annual export of electricity from location p in period t. 
Annual import of electricity from location p in period t. 
Fraction of demand category j to which demand device i belongs 
that occurs in season z and time of day y. 
Electricity input per unit of production of process i in period t. 
Electricity input required to make available to the system primary 
energy carrier k from source s and location p in period /. 
Electricity input during the night required to generate one unit of 
electricity during the day for storage technology i in period /. 
Market allocation of electricity to demand device i in period t. 
Fraction of year occurring in season z and time of day y. 
Transmission and distribution efficiency of the electricity grid. 
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c) Low-temperature heat balances 
Unlike electricity, low-temperature heat balances in MARKAL are on a seasonal 
basis. Therefore, only three balance constraints are needed in each time period. 
Moreover, low-temperature heat is only used by demand devices and imports and 
exports of it are not allowed. 
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The left-hand side of heat balances represents the sum of production of 
low-temperature heat from all heating plants, all coupled-production pass-out 
turbines, and from all coupled-production back-pressure turbines, while the right-
hand side defines the consumption of low-temperature heat by all demand 
devices. 
where 
dhiz Distribution efficiency of low-temperature heat to demand device i 
in season z. 
malthft) Market allocation of low-temperature heat to demand device i in 
period /. 
rehf Ratio of electricity produced to heat produced for coupled-produc-
tion back-pressure turbine i. 
thizy Transmission efficiency of low-temperature heat from coupled-
production plant i in season z and time of day y. 
8.3.3.2 Energy-carrier resource constraints 
Cost-effective analysis of carbon abatement options in China's electricity sector 229 
Two types of upper bounds are imposed on the activity of energy carriers which 
are mined (MIN), imported (IMP), exported (EXP), stockpiled (STK) or renew-
able (RNW). The class SRC specifies the way in which these energy carriers are 
made available to the system. 
a) Energy-carrier resource growth constraints 
The resource growth constraints, if utilized, limit the growth in activity of an 
energy-carrier resource between periods, and allow for an annual growth of 
activity according to the activity in the previous period plus an initial user-
specified value since the constraints would otherwise not allow growth from zero. 
ACTskp(t) s ACTskp(t-l) x agskp(t-\T + gaskp 
V s e SRC, Vk e ENC, Vp e P, Vf e T 
where 
agskp(t-l) Average allowable annual growth factor in the activity of energy 
carrier k from source s and location p during period (t-1). 
gaskp Activity increase allowed for energy carrier k from source s and 
location p in addition to specified growth rate. 
ny Number of years in each period. 
b) Cumulative energy-carrier resource bound 
Compared with the above-mentioned resource growth constraints that hold 
individually in each period, another possible constraint on resources is that total 
availability over all periods of the entire time horizon is less than or equal to a 
user-defined cumulative value. In the case of mining, both extraction and in-situ 
consumption of energy carriers are included. 
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The left-hand side of cumulative resource bound represents, over all 
periods of the entire plamiing horizon, the sum of total activity of the indexed 
energy-carrier resource and the amount of in-situ consumption of a given, 
indexed energy carrier by all electric conversion technologies, all heating plants, 
all coupled-production pass-out turbines, and by all process technologies. 
where 
rfip(t) in-situ consumption of fossil energy carrier from location p per 
unit of production of technology i in period t. '\ 
cumskp Total availability of energy carrier k from source s and location p 
over all periods of the entire time horizon. 
8.3.3.3 Capacity constraints 
The capacity constraints determine the necessary capacities installed and the 
newly-built capacities in each period. 
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a) Capacity interperiod transfer constraints 
The dynamic character of the energy system is obtained through the capacity 
transfer relations, which link the current capacity of a technology in period t with 
gradually retiring capacity installed before start of optimization and still available 
for use in that period within its lifetime. These relations are a set of equalities for 
process and conversion technologies and inequalities for demand devices. The 
distinction is made because demand devices have only capacity variables, while 
the non-demand technologies have both capacity and activity variables. 
t 
Cff) <, Y, W + residft) Vi e TCH, \/t e T 
where 
Iftr) New capacity of technology i installed at beginning of period r. 
Z, Lifetime of technology i. 
residft) Capacity installed before start of optimization available for use in 
period t and for which no investment cost is charged. 
b) Capacity growth constraints 
The capacity growth constraints, if utilized, limit the growth in capacity of a 
technology between periods, and allow for an annual growth of capacity accord-
ing to the capacity in the previous time period plus an initial user-specified value 
since the constraints would otherwise not allow growth from zero. 
C.(t) £ Cft-1) x cgff-Yf + gc{ Vz e TCH, Vt e T 
where 
cgft-1) Average allowable annual growth factor in technology i during 
period (t-1). 
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gq Capacity increase allowed for technology i in addition to specified 
growth rate. 
An alternative to restrict the rate of growth of technologies in MARKAL 
is by means of imposing explicit bounds on technology capacity. Upper bounds 
are placed on the rate of market penetration for new energy technologies that are 
supposed to become available at specified points in the future, and there are 
lower bounds to ensure that older technology will not be phased out too rapidly. 
Bounds on technology capacity can be written as follows: 
Cff) <, ubcft) Vi e TCH, t z tt 
Cft) > Ibcft) Vi e TCH, Vt e T 
where 
Ibcft) Lower bound on capacity of technology i in period t. 
ubcft) Upper bound on capacity of new technology i in period t. 
8.3.3.4 Demand balances 
The demand constraints are generated for each energy demand category and for 
each period. These relations ensure that the sum of end-use output from all 
demand devices that contribute to a particular demand category is greater than or 
equal to the end-use demand for that energy carrier that is exogenously deter-
mined. This implies that MARKAL is a demand-driven model. 
Y cft) x capuniti x out-ft) x cffi) > demand.® Vj 6 DM, Vf e T 
ieDMD 
where 
demandfi) End-use demand of energy category j in period t. 
outjft) Fraction of capacity of demand device i meeting end-use demand 
of energy category j in period t. 
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8.3.3.5 Production constraints 
Since process and conversion technologies have got both capacity and activity 
variables, these production relations ensure that the production (activity) of each 
technology in each period is less than or equal to its available capacity. Three 
types of production relations are distinguished. 
a) Process-utilization capacity constraints 
ACTff) <; C,(t) x capunit, x aft(t) Vf e T, Vi e PRC 
b) Electricity production capacity constraints 
For coupled-production plants with pass-out turbines 
( qhr ^ 
ELC.(t) + LTHJf) x ceh / elm, + M,z(t) x 1 v 
a C,(t) x capunit, x qhr^ x (1 - (1 - afff)) x fo) 
Vz e Z, My eY, Vt e T, Vi e POT 
For electricity production plants other than those with pass-out turbines 
ELCJt) + M,(i) x 
[qhr^ + qhrm) 
<, C,(t) x capunit, x qhr^ x (1 - (1 - afft)) x fo) 
Vz e Z, Vy e Y, \/t e T, Vr e BPT 
c) District-heating production capacity constraints 
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LTHk(t) + M . (f) 
<, C.(i) x capunit. x £ qhr^ x (1 - (1 - af.{t)) x fo) 
yeY 
Vz e Z,Vt e T, Vz e HPL 
where, in constraints a, b and c 
Mk(t) Scheduled maintenance for conversion technology i in period t for 
season z. 
a/ft) Annual availability of technology i in period t. 
fa. Fraction of annual unavailability which is defined to be forced 
outage. 
qhr^ Same as qhr^ for y = d. 
qhrm Same as qhrzy for y = n. 
8.3.3.6 Scheduled maintenance for conversion technologies 
The utilization relation is generated for each conversion technology producing 
electricity and/or low-temperature heat. It allocates scheduled plant maintenance 
by season: 
YMiZ® * c * # ) x caP"nih x (i - qf/J)) x (1 - fi>{) v ? e T> v* e C O N 
zeZ 
8.3.3.7 Electric and district heat peak load constraints 
The peak constraints ensure that there is extra capacity to meet peak requirements 
for electricity and low-temperature heat during the time of maximum load. As for 
electricity, it is assumed that this peak demand occurs during daytime in winter 
or summer, while as for low-temperature heat, this constraint is valid only for 
winter. These peak constraints differ from the electricity and district heat 
balances in their focus on generating capacity as opposed to electricity and low-
temperature heat production. 
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a) Electric peak load constraints 
te IMPELCflxfre^ [qhr^ £ Cffyxcapunit^pkft)' 
1 + er 
£ EXPELC^xpke^xfre^ Iqhr, zd 
+ X) Cfuxcapunitpmaelcff)* £ frfi^xcfffyxelfß^iqhr^xejfß)) 
+ 5 2 ACTßxinpelc^xepkft) 
iePRC 
+ E E E ^ c r * 0 ) x ^ » P ^ c ^ ( 0 x ^ ( r ) W e r , z = w, » 
The left-hand side of electric peak load constraints represents, during the 
daytime of maximum load, the sum of the imports of electricity and the amount 
of electricity generated by all electric conversion technologies, while the right-
hand side represents, during the corresponding time, the sum of the exports of 
electricity and the amount of electricity consumed by all demand devices, all 
process technologies, and by energy-carrier resource activities. 
where 
Ratio of electricity consumption at the time of peak demand to the 
time division average for demand device i in period t. 
epkfi) Fraction of electricity consumption by process i which is to be 
included in the peak relation in period t. 
Fraction of electricity consumption required to make available to 
the system primary energy carrier k from source s and location p 
which is to be included in the peak relation in period t. 
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er Capacity reserve factor for the electricity sector expressed as a 
fraction of the capacity required to meet electricity demand during 
the time division of greatest load. 
frm Same as frjizy for y = d. 
fre^ Fraction of annual electricity imports or exports from location p 
occurring in season z and during daytime d. 
pkt(t) Fraction of capacity of generating plant i installed available to meet 
peak load in period t. 
pkes(t) Fraction of exports of electricity from location s which is to be 
included in the peak relation in period t. 
b) District heat peak load constraints 
5 2 Cfflxcapunit^pkffiftl+hr) 
isHPL 
+ 1 2 C.(t)xcapunU.xth.wdxelm.xpki(t)/((l+hr)xcehM) 
iePOT 
+ 5 2 Cft)xcapunit.xthMxpk.(t)/((l+hr)xreht) 
ieBPT 
Ï Ciftxcapunit.xmalthffyx^ xcfffilidh^xeffft)) Vf e T 
ieDMD a h r w d + a h r W n 
The left-hand side of district heat peak load constraints represents, during 
the daytime of maximum load in winter, the sum of production of low-tem-
perature heat by all heating plants, all coupled-production pass-out turbines, and 
all coupled-production back-pressure turbines, while the right-hand side defines 
peak demand for low-temperature heat by all demand devices. 
where 
ceh!wd Same as cehizy for z = w and y = d. 
dhfo Same as dh,z for z = w. 
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Same as frjky for z = w and y = d. 
Same as frjby for z = w and y = n. 
hr Capacity reserve factor for the low-temperature heat sector 
expressed as a fraction of the capacity required to meet heat 
demand during the time division of greatest load. 
wn 
Same as qhr^ for z = w and y = d. 
Same as qhr^ for z = w and y = n. 
Same as thUy for z = w and y = d. 
8.3.3.8 Electric base load constraints 
Certain electric power plants, particularly large coal-fired and nuclear power 
plants, operate at the same level of production during peak and off-peak time of 
the day, i.e. are base-loaded, either for technical or economic reasons. The base 
load relation generated for each season ensures nightly electricity production by 
all base-loaded electricity generating technologies plus net nightly electricity 
imports not to exceed a fraction of the sum of nightly electricity production by all 
electricity generating technologies plus net nightly electricity imports. 
YlMPELCp(f)x<\-bl)xqhrmy.te + £ EXPELCpx(bl-l)xqhrt zn 
+ £ ELC.Jt)x(l-bl)xtexqhrzn KqhVqhrJ 
+ £ LTH^xceh^xdl-elmtfehn)x(l-bl)xqhr^xte/iqhr^+qhrj 
ieBAS 
- E ELCJf)xblxte 
i$BAS 
- Y, LTHiJfixblxceh^xtexil-elmyelm, s 0 Vz e Z, Vr 6 T 
itBAS 
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The first two terms on the left-hand side of electric base load constraints 
are related to the night fraction of electricity imports and to the night fraction of 
electricity exports respectively, the third term to the base load electricity at night, 
the fourth term to the base load electricity dependent on the production of low-
temperature heat by coupled-production pass-out turbines, the fifth term to the 
non-base-load electricity at night, and the last term to the non-base-load electric-
ity dependent on the production of low-temperature heat by coupled-production 
pass-out turbines. 
where 
BAS Class of electricity generating plants which are base-loaded, i.e., 
which operate day and night at the same level of production. 
bl Maximal fraction of total nightly electricity production that can be 
met by base load electricity generating technologies. 
8.3.3.9 Emission constraints 
For a given pollutant v, total emissions are related to the activities of energy-
carrier resources and technologies and to investments in or capacities of technol-
ogies. Thus the sum of all annual emissions of pollutant v associated with the 
energy system in period t, ENVJt), is given by 
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ENVv(f) = £ £ zZACTslp(t) x e s (!) 
seSRC keENC peP 
ieHPL zeZ 
+ E E E I R V ) X E A ^ ) X c e h i J e l m i 
iePOT zeZ yeY 
+ £ A C T i ® x e o h X O
 + E c& x x ecdf) 
iePRC ieDMD 
+ £ C.(f) x ec^fl + £ W x « f rW/»»y V v e K , V ( e r 
i<EDMD ieTCH 
The right-hand side of emission accounting equations represents the sum 
of all emissions of a given pollutant resulting from energy-carrier resource 
activities, electricity production of electric conversion technologies, from low-
temperature heat production of heating plants, production of coupled-production 
pass-out turbines, activities of process technologies, final energy input to demand 
devices, capacities installed of process and conversion technologies, and from 
investments in technologies. 
where 
V Class of all pollutants, 
v Index for pollutants. 
ENVv(t) Annual emissions of pollutant v in period /. 
eajt) Emissions of pollutant v per unit of production of technology i in 
period t. 
ecjt) Emissions of pollutant v per unit of capacity of non-demand tech-
nology i installed in period t. 
eijt) Emissions of pollutant v per incremental unit of capacity of tech-
nology i installed in period t. 
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essiq>M Emissions of pollutant v per unit of activity of energy-carrier 
resource k from source s and location p in period t. 
In MARKAL, the national environmental policy goals are expressed as 
upper bounds on total allowable emissions of different pollutants. The fixed 
ceiling can be attained at least abatement costs by means of emissions trading. In 
this regard, there are two types of emission constraints that can be applied to 
identify cost-effective strategies for coping with emission limits. If the ceiling is 
set annually for each time period, the emission constraint can be imposed on the 
system as follows: 
ENVv(f) <, ubeff) Vv e V, Vt e T 
where 
ubejt) Upper bound on annual emissions of pollutant v in period /. 
Alternatively, the ceiling for a given pollutant can be expressed as a 
constant cumulative amount over the entire time horizon. In this case the 
emission constraint for the pollutant is given in the form: 
ENVlt) x ny i ubev Vv e V 
teT 
where 
ubev Upper bound on total emissions of pollutant v over the entire time 
horizon. 
8.3.3.10 Bounds on investment 
The bounds prevent the matrix optimizer from creating an unrealistic pattern of 
investments from one period to the next. 
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INVEST® <. INVEST(t-l) x smooth"1' Vt e T 
where 
INVEST(t) Total investment costs for the newly-added capacity of all technol-
ogies in period t. 
smooth Allowable interperiod increase of the total investment during any 
period. 
8.3.3.11 Ratio constraints 
In addition to the standard MARKAL constraints, the ratio constraints provide 
users with extended flexibility in defining relations which are not available in the 
standard model. Therefore, the relations are unique because their structure can 
completely be defined by the users. Through the ratio tables, users can enter any 
combination of variables and coefficients to solve modelling problems which are 
not addressed by other relations, provided that users do not attempt to define new 
vectors which are not already in the matrix. 
8.3.4 Objective functions 
In the MARKAL model, several generalized objective functions have been 
programmed. This allows a range of choices for any given run. MARKAL will 
simultaneously determine the optimal solution to values of all variables in such a 
way that they satisfy all of the constraints and the objective function set up for 
the system. The objective functions programmed in the model are given below: 
a PRICE, which is the minimization of the discounted costs of the energy system 
over the entire planning horizon. This objective function is most commonly used 
in many applications. 
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• SECURITY, which is the minimization of the sum of cumulative utilization of 
any energy carrier over the entire time horizon. The most realistic case of 
SECURITY is the minimization of the cumulative oil use. 
a ENVIRONMENT, which is the minimization of the cumulative environmental 
emissions over the entire time horizon. 
• QSLOPE, which is the weighted combination of the discounted system costs 
and security. It allows for examining the trade-offs between PRICE and SECUR-
ITY. 
Other functions available for use as objective functions include usages of 
fossil energy, nuclear energy, and nonrenewable energy as well as total dis-
counted system costs with renewable technologies having zero investment 
costs. 1 0 
In what follows, I will describe the PRICE function in more detail 
because it has been chosen as the objective function in the cost-effective analysis 
of carbon abatement options in China's power sector. 
8.3.4.1 The PRICE function 
The PRICE function represents the discounted sum of all costs of the energy 
system over the entire planning horizon. It can be considered as consisting of 
three parts: investment costs, annual costs and salvage values. The distinction is 
made for the first two parts because investments are assumed to take place at the 
beginning of each time period, while the annual costs are assumed to occur in 
each year of each time period. The third part handles the salvage values that 
provide the correction to the end-effect problem which occurs in dynamic (time-
dependent) linear prograniming models. The correction reduces the investment 
cost of a technology when part of its technical lifetime will extend beyond the last 
time period. 
1 0 Treatment of the last objective is to emphasize the role of renewable 
sources of energy. Clearly, this is unrealistic. 
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a) Investment costs 
Investment costs include all capital investments required to make the incremental 
capacity operational at the beginning of the time period for all technologies plus 
any transmission and/or distribution investment costs of conversion technologies. 
No account is taken of the costs already invested in the energy system which 
existed at the start of the optimization period. 
INVEST® = Y, invcost.® x I.® VteT 
isTCH 
where 
invcost,(t) Total investment cost per incremental unit of capacity of technol-
ogy i in period t. 
b) Annual costs 
Annual costs include costs of mining, imports, exports, renewables and stockpil-
ing of energy carriers; fuel-delivery costs; fixed operating and maintenance 
(O&M) costs of all technologies; and variable O&M costs of process and 
conversion technologies. There are no variable O&M costs of demand technol-
ogies because they do not have activity variables. Thus, total annual system costs 
in period t, ANNCOST(t), are represented by 
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ANNCOSTXt) = £ Ci(t)xfixom.(t) 
ieTCH 
+ 52 ACT.(t)xl £ MJfyxinp^t) + varom.(t)\ 
iePRC [keENT / 
+ 53 C i ( f )x ( 52 del^xcapunit^maJf^xcfftyeffXit) 
ieDMD [keENT j 
+ E E E ^ f e y ^ x f E del^Dxinp^t) + varo /^) ) 
ie£M zeZ yer \fce£AfC / 
+ 52 Y,LTHM E delu(t)xinPki(t) + w©m#)\ 
ieffiPL zeZ \fe£/VC / 
+ E EE i 2 H , ^xceA^x ( l /« Im r l )x / £ del^xtnp^varomft)' 
ieCPD zeZ yeK \fceHVC , 
+ 52 E C O V ? ) X M / V ) 
+ 52 ^cost^xMP^i)- 52 Zprice^xEXP,,® 
keENC peP keENC peP 
+ 5^co'rtepO)x/MP£LCp(f)-52/7ricee;,(f)x£XP£ ,ICp(f) Vt e T 
peP peP 
where 
2?iVT Class of all energy carriers. It is a union of the set ENC, elec-
tricity and low-temperature heat. 
ANNCOST(t) Total annual system costs in period t. The values are not dis-
counted for reporting purposes. 
Unit cost of energy carrier k from location p in period t. 
Unit cost of electricity from location p in period t. 
Delivery cost of energy carrier k to technology i in period t. 
Annual fixed operating and maintenance costs associated with the 
capacity of technology i installed in period t and charged regardless 
of the plant utilization. 
cost^t) 
costep(t) 
deljt) 
fixomfi) 
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erf, = 
1 1 - (1 + a)"' 
where 
a Annual discount rate. 
crf{ Capital recovery factor of an initial investment within a given 
number of years I. 
For newly-built capacity of technology i, its initial investments invcostft) 
X l,(t) will be covered over all subsequent years until the lifetime of the technol-
ogy expires. When the planning horizon of analysis expires before reaching the 
end of the lifetime of a technology, there are extra charges for the periods 
beyond the entire horizon. Salvage values represent these extra charges and 
should be subtracted from the system costs. Discounted back to the period the 
investments have been made, salvage values are as follows: 
price^t) Unit price of energy carrier k to destination p in period t. 
priceep(t) Unit price of electricity to destination p in period t. 
varomft) Annual variable operating and maintenance costs of the non-
demand technology i in period t. These costs include items, except 
energy, which are proportional to the production level. 
c) Salvage values 
Salvage values are associated with the annualized capital recovery factor erf,. 
This factor represents the amount of money needed per annum to cover all fixed 
charges of an initial investment within a given number of years /. Given an 
annual discount rate, crft can be expressed by 
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Y invcostft) x I.(t) x x (l + ay»*(T-t+» SALVAGE® 
Crfn ieTCH nyx(f+l,-T-l) 
where 
Total salvage values for the investments made in period /. 
Same as erf, for l=nyxlt. 
Same as erf, for l=nyX(t+lrT-l). 
The PRICE function is the sum of the three above-mentioned functions 
that are discounted back to the beginning of the planning horizon. There is a 
difference in discounting the annual costs and other costs. The annual costs in 
each time period are first discounted to the beginning of the period by factor df0, 
and then to the beginning of the entire horizon by factor df(t). We thus have the 
PRICE function in the form: 
Y,INVEST(f)xdf\t) + Y,ANNCOST(t)xdfoxdfit) - £SALVAGE®xdf® 
which is to be minimized subject to a set of constraints given in Section 8.3.3. 
where 
dflt) = (1 + a ) - ^ - 1 ' V t 6 T 
This completes the summarized description of the standard MARKAL model. In 
the following section, I will describe some modifications made to MARKAL. 
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8.3.5 Modifications of the Standard MARKAL Model 
Currently, MARKAL is being used in more than 20 countries, most of which are 
also active members of the Energy Technology Systems Analysis Programme 
(ETSAP) of the IEA. 1 1 According to the questions to be answered, the standard 
version of MARKAL has been modified by the MARKAL users along the 
following lines: 
(a) Representation of material flows; 
(b) Regionalization of MARKAL; 
(c) Linkage to macroeconomic models. 
In general, these modifications reflect that the MARKAL users attempt to 
give a comprehensive and reliable analysis of various options. In Sections 4.3 and 
4.6, linkage between MARKAL and macroeconomic models has been discussed 
because of its relevance to this study, whereas a discussion of representation of 
material flows in MARKAL is beyond the scope of this thesis and is therefore 
not touched on here. 1 2 In the following, I discuss briefly the rationale for 
regionalization of MARKAL, which is relevant to the following discussion on 
limitations in the representation of the electricity sector in MARKAL. 
Regionalization of an energy system is considered realistic if there is a 
great regional diversity. Regionalization of energy demand was already possible 
with the standard version of MARKAL since the users are free to choose the 
number and definitions of demand subsectors (Berger et al., 1991). 1 3 
On the supply side of the standard MARKAL model, it is also quite easy 
for most energy carriers from different regions, since the names of these energy 
carriers are basically chosen by the users. The problem, however, arises when 
1 1 The IEA-ETSAP Newsletter, No. 4, December 1994. 
1 2 It has been shown that when MARKAL represents material flows from its 
primary production to waste disposal as well as energy flows, additional cost-
effective options for reducing C 0 2 emissions are found. For further exploring the 
rationale for modification (a), see Zhang (1992). 
1 3 See Stocks and Musgrove (1984) for an illustrated discussion of demand 
regionalization. 
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modelling multiple electricity and low-temperature heat energy forms and grids. 
This problem arises simply because there is one single name that is built-in in 
MARKAL for each such energy carrier viz. ELCizy{t) and LTHizy(t) respectively. 
Thus, the essence of regionalization of MARKAL is to enable multiple electricity 
and low-temperature heat energy forms and grids to be defined and hence to 
generate the equations for multiple grids. 1 4 Of course, regionalization of supply 
of electricity and district heat in MARKAL also makes possible a finer modelling 
of demand for these two energy carriers, given the fact that demand technologies 
may consume electricity and low-temperature heat generated by different grids. 
Regionalization of the electricity sector in MARKAL has first been 
implemented in the study of the Australian electricity sector (Stocks and Musgr-
ove, 1984). It is further extended to include the district heating sector, and its 
implementation is exemplified by the investigation of the Canadian energy system 
(Berger et al., 1991). 
In what follows, I propose some further modifications needed to make 
MARKAL suitable for detailed analysis of electric utility systems. 
I start with limitations in the representation of the electricity sector in 
MARKAL. MARKAL is originally designed to assess impacts of new technol-
ogies on the energy system, national or regional, in order to indicate broad trends 
in supply and demand not only for electricity but for all fuels. MARKAL 
analyses the electricity sector as part of the overall energy system competing with 
other sectors for fuel resources and to meet end-use demands. This leaves 
MARKAL unsuitable for detailed analysis of electric utility systems as compared 
with the more detailed utility simulation models, such as WASP (Wien Automatic 
1 4 This has been exemplified by the Australian regionalized version of 
MARKAL, called MENSA. The essence of MENSA is not to specify new types 
of equations but to allow existing equations to be repeated for different grids. In 
MENSA, for example, a class of electricity grids, Tvis defined in a study involv-
ing the southeastern Australian states, this class consists of N for New South 
Wales, V for Victoria, and 5 for South Australia. Instead of one electricity form 
ELCizy(t), one for each state is allowed: NLCizy(t) for New South Wales, VLC^t) 
for Victoria, and SLC^lf) for South Australia (Stocks and Musgrove, 1984). 
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1 5 WASP was originally developed by the Tennessee Valley Authority and 
later progressively improved by the International Atomic Energy Agency, while 
EGEAS was developed by the US Electric Power Research Institute. For a 
further discussion of these two models, see, for example, Codoni et al. (1985). 
System Planning Package) and. EGEAS (Electric Generation Expansion Analysis 
System). 1 5 The reason for this can be explained by the following observations: 
First, power plants are usually not identified individually but are aggre-
gated into plant types in MARKAL. The treatment is unsuitable for analysing 
daily operation of individual plants and system expansion plans in fine detail. 
Second, perhaps more importantly, MARKAL does not adequately address 
technical considerations vital to utility operations. For example, no account is 
taken of the stability requirements for the grid. Although allowance is made for 
both forced and scheduled outages for power plants, this is on an average yearly 
basis and does not account for a combination of outages in the system during the 
year (Stocks and Musgrove, 1984). Also, consideration of utility operations is not 
fine enough to prevent unrealistic production for meeting the peak load. 
Third, no account is taken of the location of loads and plants in MARK-
AL. This is a common failure inherent in many models of nationally-aggregated 
electricity systems. As a consequence, an additional unit of electricity, if needed, 
is made available to the system from a nationally-aggregated system rather than 
the plants nearest to the loads, although the latter may be the case in reality. 
Given these limitations inherent in MARKAL, some modifications need to 
be made if MARKAL is used to deal with electricity system expansion planning. 
Regionalization of MARKAL as discussed above can overcome the third prob-
lem. A probabilistic treatment of forced outages is useful for meeting the stability 
requirements. But if MARKAL is used to address the issue of long-term electric-
ity system expansion planning and to complement the more detailed utility 
simulation models, such a treatment of outages in the standard MARKAL model 
is considered acceptable given too many uncertainties involved in the long-term 
planning. In what follows, I will thus concentrate on preventing unrealistic utility 
operations for meeting the peak load. 
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8.3.5.1 Thermal power plant operation constraints 
Fuel-fired plants, if counted on for peak and reserve margin requirements, must 
operate at loads above the technically allowable minimum. Their annual utiliz-
ation would otherwise be reduced to the level that is technically difficult to 
achieve if these plants were utilized to meet the peak load. In MARKAL, the 
minimum load, however, is not taken into account. Thus, an extra constraint is 
required to prevent the model from overestimating operation of these plants 
during the time division of greatest load. 
5 2 5 2
 E L C i z y ® > c i ® x m c i
 x capunit. x afft) Vi e E1A, V? e T 
zeZ yeY 
where 
mc, Ratio of the allowable minimum load to the rated power of fuel-
fired plant i. 
8.3.5.2 Hydropower plant operation constraints 
The production of hydropower plants of the storage type depends on the availabil-
ity of both plants and reservoirs. While plant availability in each period is 
represented explicitly in MARKAL by afff), no account is taken of the reservoir 
availability. As a consequence, the storage type plants may operate at loads much 
higher than the designed specifications. To prevent the model from overestimat-
ing production, the following extra restraint on reservoir availability is needed: 
5 2 5 3 E L C i z J ® * C i ®
 x capunit. x ar, Vi e ELA, Vt e T 
zeZ yeY 
where 
arx Annual availability of reservoir associated with storage type plant 
i. 
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where 
ELCiwy(t) 
wa, 
Moreover, how hydropower plants operate during the time of greatest 
load depends on the reservoir availability in winter, and should be reflected in 
MARKAL to prevent the model from overcounting on hydropower plants for 
meeting the peak load. Thus, the extra restraint on hydropower plant operation is 
needed and can be expressed as follows: 
YELCiWy(f) * CiVyx capunit. x [qhrwd+qhrwn] x wat Vi e ELA, Vt e T 
yeY 
Same as ELCay(t) for z = w. 
Availability of reservoir associated with storage type plant i in 
winter. 
8.4 Alternative low C02-emitting electricity supply technologies 
The technologies to be considered in the power sector include: 
• Coal-fired power ( < 2 0 0 MWe) 
n Coal-fired power (200 MWe < unit capacity < 3 0 0 MWe) 
• Coal-fired power ( > 3 0 0 MWe) 
• Hydroelectric power ( > 25 MWe) 
• Mini-hydroelectric power ( < 25 MWe) 
• Pumped storage hydroelectric power 
• Nuclear power (300 MWe) 
n Nuclear power (600 MWe ~ 1000 MWe) 
• Imported natural gas-fired power 
• Centralized solar photovoltaic (PV) power 
• Decentralized solar PV power 
• Wind-driven power generation 
• Decentralized mini-wind power generator 
• Biomass-based power generation 
• Geothermal-based power generation 
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With respect to these alternative power supply technologies, two points 
have to be mentioned. 
First, note that conventional coal, hydroelectric, and nuclear plants are 
grouped according to their sizes (i.e. economies of scale of plants). This classifi-
cation is to shed light on future emphasis on the development of large-size power 
plants, given that large plants are superior to small ones in terms of thermal effi-
ciency, capital costs and environmental impact. Thus there are major potential 
gains that can be achieved by installing large units in terms of economic and 
thermal efficiency as well as environmental benefit. 1 6 
Second, coal-fired power of unit capacity of less than 200 MWe repre-
sents a worst-case option from the point of view of C 0 2 emissions, because the 
rest of power supply technologies has the potential to reduce a certain amount of 
C 0 2 emissions. Thus, in the present study, it has been chosen as the reference, 
whereas other options are regarded as abatement technologies. These abatement 
technologies will each be measured against this reference in terms of both the 
increased costs and the amount of C 0 2 emissions reduced. 
The power generation technologies are represented in the power planning 
model in terms of their technical, economic and environmental characteristics. 
8.5 Description of technology by its economic, technical and environ-
mental parameters 
The power plarming model explicitly lists all the power generation technologies 
given in Section 8.4, with each characterized by its initial investment, trans-
mission and distribution costs, fixed and variable operating and maintenance 
costs, generation efficiency, plant utilization, plant lifetime, construction lead 
times, fuel requirements, dates of introduction, maximum rates of expansion, and 
emissions coefficients. This section will document the sources of data and present 
some estimates for a number of parameters required for running the power 
planning model. 
For a further discussion, see Section 3.4. 
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8.5.1 Initial investment 
The initial investment cost varies significantly among plants, depending on type, 
size and state-of-the-art of plants. Investment by plant and size has been taken 
from various sources. 
Coal-fired plant On average, the nationwide investment cost over the 
period 1989-1991 was 2206 yuan/kWe (Ministry of Energy, 1991a, 1992a). On 
the basis of this, the investment cost is assumed to be 2000 yuan/kWe for a coal-
fired plant with a capacity of more than 300 MWe, 2150 yuan/kWe for a plant 
with a capacity between 200 MWe and 300 MWe, and 2500 yuan/kWe for a 
plant with a capacity of less than 200 MWe. 1 7 If the installation of flue gas 
desulphurization takes place, coal-fired plant generation costs are re-evaluated by 
adding 20-30% to the estimates of both initial investment and fixed operations 
and maintenance costs following the assumption of Li, Liu and Liu (1990). 
Nuclear plant The investment cost for a unit capacity of 600 MWe and 
above is assumed to be 8000 yuan/kWe (State Planning Commission, 1993). As 
for a unit capacity of 300 MWe, because of its small size, the corresponding 
figure is assumed to be 1 0 - 1 5 % higher than that of 600 MWe (Wen, 1992). 
Hydroelectric plant The investment cost for a unit capacity of more than 
25 MWe has been derived from Z. Yang (1992), while the corresponding figure 
for mini-hydroelectric power has been taken from Zhu et al. (1991). The invest-
ment cost of hydroplant of the pumped storage type is based on the Ming Tombs 
pumped storage power station under construction. 
Imported natural gas-fired plant A natural gas-fired plant offers the 
advantages of low unit capital cost, low pollutant emissions, and high efficiency. 
Following the State Planning Commission (1993), the investment cost of a gas-
fired plant has been taken as three quarters of the investment cost for a coal-fired 
plant of the same size. Moreover, apart from capital cost of gas-fired plant itself, 
the investment in receiving terminal infrastructure, which is to be discussed later, 
should also be considered. 
1 7 Unless specified otherwise, all the investment costs in this chapter are 
measured at 1990 prices. 
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Centralized and decentralized solar PV power plants The investment 
costs of these two power generation technologies are assumed to be 24,200 
yuan/kWe and 35,300 yuan/kWe in 2000, while the corresponding figures in 
2010 are assumed to be 15,150 yuan/kWe and 24,670 yuan/kWe. These costs are 
the average values of the corresponding high and low costs assumed by the State 
Planning Commission (1993). 
Wind-driven power plant The investment cost of a large- and medium-
size wind power generator is assumed to be 7160 yuan/kWe in 2000 and 6500 
yuan/kWe in 2010, while the corresponding figure for a decentralized mini-wind 
power generator is assumed to be 10,000 yuan/kWe (State Planning Commission, 
1993). 
Biomass-based power plant Following the State Planning Commission 
(1993), its initial investment cost is assumed to be 5000 yuan/kWe. 
Geothermal-based power plant Following the State Planning Commission 
(1993), its initial investment cost is assumed to be 7000 yuan/kWe. 
8.5.2 Coal mining investment and delivery cost per kWe of capacity 
Just as the name implies, coal-fired plants take coal as an input fuel. The annual 
amount of coal consumed per kWe of capacity installed depends on gross coal 
consumption rate, house service consumption rate and utilization hours of 
generating unit. Given the fact that the current low coal price does not reflect the 
real cost of coal production, any cost estimate that takes the coal price instead of 
the real cost of coal production and delivery into account for comparative 
analysis of cod-fired plant and other kinds of power plants is relatively cost-
biased towards coal plants and hence is considered to be unrealistic. 
Our cost estimate is based on the real cost of coal production and deli-
very. Coal mining investment per kWe of capacity installed is derived by 
multiplying the unit cost of coal production by the annual coal consumption per 
kWe of capacity, while the corresponding delivery cost of coal is calculated by 
multiplying the unit cost of coal transportation by the annual coal consumption 
per kWe of capacity. 
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8.5.3 Natural gas receiving terminal investment per kWe of capacity 
Natural gas receiving terminal investment per kWe of capacity installed is derived 
by multiplying the unit cost of gas receiving terminal by the annual gas consump-
tion per kWe of capacity. The former has been taken from the State Planning 
Commission (1993), while the latter, similar to coal-fired plants, has been 
determined by gross gas consumption rate, house service consumption rate and 
utilization hours of generating unit. 
8.5.4 Operating and maintenance cost 
Annual fixed operating and maintenance (O&M) cost associated with the capacity 
installed is charged regardless of plant utilization. Fixed O&M cost is assumed to 
be 3% of the investment cost of fossil fuel-fired plants, 2.7% for nuclear plants, 
and 1.2% for hydroelectric plants (including hydroelectric pumped storage) (Li et 
al., 1990). As for other types of plants, the fixed O&M costs are assumed to 
range from 0.3% to 2.0% of the corresponding investment costs. 
Variable annual O&M cost is proportional to production level. It is 
assumed to be 0.2-0.3 cent/kWh for fossil fuel-fired plants, 0.5 cent/kWh for 
nuclear plants, and 0.1 cent/kWh for hydroelectric plants (including hydroelectric 
pumped storage) (Li et al, 1990; Shi et al, 1992). 
8.5.5 Transmission and distribution cost 
As nearly 70% of the total exploitable potential of hydropower is located in the 
southwest of China remote from power load centres, the highest transmission and 
distribution (T&D) investment cost is assumed for hydroelectric power. In 
contrast, plants such as nuclear power, pumped storage power, and imported 
natural gas-fired power are assumed to be built near to the load centres, thus 
requiring the lowest T&D investment cost. The T&D cost for coal power lies 
somewhere in between. The assumption about the T&D cost by plant is given in 
Table 8.5.1: 
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Table 8.5.1 Transmission and distribution cost of power plant 
Generation method Transmission and distribution cost 
Coal power ( < 2 0 0 MWe) 500 yuan/kWe 
Coal power ( > 2 0 0 MWe) 700 yuan/kWe 
Nuclear power 500 yuan/kWe 
Hydroelectric power (>25MWe) 1500 yuan/Kwe 
Pumped storage power 500 yuan/kWe 
Imported natural gas power 500 yuan/kWe 
Sources: State Planning Commission (1993); Own estimates. 
8.5.6 Gross fuel consumption of thermal power generation 
Gross fuel consumption of thermal power generation is referred to as the amount 
of fuel consumption per unit of electricity generation. It is usually measured in 
gce/kWh and serves as one of the main techno-economic indicators of power 
systems. The larger the size of the power plant, the higher the generation 
efficiency and hence the less will be the corresponding CO z emissions. In China, 
the average gross fuel consumption of thermal power generation in 1990 was 392 
gce/kWh corresponding to an average generation efficiency of 31.4%. 1 8 It is 
conceivable that with the increases in plant scale in the future the average fuel 
consumption will go down. 
Table 8.5.2 shows the assumed gross fuel consumption of thermal power 
plants in 2000 and in 2010 and the corresponding C 0 2 emission index. In 
determining its future value, it is assumed that gross fuel consumption of coal 
power will go down in order to reflect ongoing technological development. 
1 8 The generation efficiency of thermal power is defined as a ratio of 123 
gce/kWh to its gross fuel consumption. 
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Table 8.5.2 Gross fuel consumption and C02 emission index of thermal power 
Generation method Gross fuel consumption C 0 2 emission index3 
2000 2010 2000 2010 
Coal power (200 MWe) 390 365 100 100 
Coal power (300 MWe) 345 340 88 93 
Coal power (600 MWe) 320 315 82 86 
Natural gas power 246 246 39 42 
3 Coal power (200 MWe) = 100. 
Sources: Li, Liu and Liu (1990); Energy Research Institute (1991); Williams 
(1992); Own estimates. 
It can been observed that the C 0 2 emission index for natural gas power is 
even less than half that of coal-fired plants. This is partly because natural gas-
fired plants offer greater efficiency than coal-fired plants and partly because 
carbon emissions from natural gas combustion are the lowest of all fossil fuels 
when measured in tonnes of carbon per unit of energy basis (see Table 3.6.1). 
8.5.7 Plant lifetime 
The assumed lifetime differs among plants. Ceteris paribus, the longer the 
lifetime, the lower the generation cost per kWh, as the total fixed costs can be 
distributed over a larger power output. As is usual in comparative analysis of 
coal-fired power and nuclear power (OECD, 1989), a lifetime of thirty years is 
assumed for both fossil fuel-fired and nuclear plants, although no nuclear plants 
with a capacity of greater than 200 MWe have operated that long (Virdis and 
Rieber, 1991). As for hydroelectric power, lifetime is assumed to be fifty years. 
As for wind-based power generation, solar PV power, biomass-based power 
generation and geothermal-based power generation plants, their lifetimes are all 
assumed to be thirty years. 
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8.5.8 Construction lead times 
Leadtime is defined to be the number of years from ordering to putting into oper-
ation. The more capital-intensive the power plant, the more sensitive its cost to 
the length of time prior to operation. Given the discount rate, investment expen-
ditures capitalized over a longer lead time incur higher investment costs. 
Leadtimes vary widely, depending on both plant type and size. The 
experience has shown that lengthening of average lead times is greater for 
nuclear plants than for coal plants (OECD, 1985). Thus lead times for coal plants 
are taken as 3-6 years by comparison with 7-8 years for nuclear plants (Li, Liu 
and Liu, 1990). As for hydropower, the spread of lead time is from three years 
for mini-hydropower to four and a half years for pumped storage power and to 
ten years for large size plants. 
8.5.9 Plant unavailability 
Plant unavailability is defined to be one minus annual availability. The parameter 
relates to electricity production and plant maintenance, and plays a role in 
reducing fuel input consumption. This unavailability is divided into two parts: 
scheduled and forced outages. The annual scheduled outage is assumed to be 60 
days for coal plants with a capacity of more than 300 MWe, 53 days for plants 
with a capacity between 200 MWe and 300 MWe, and 45 days for plants with a 
capacity of less than 200 MWe. The corresponding fraction of unavailability due 
to forced outage is assumed to be 12.77%, 7% and 6% respectively. These two 
figures are assumed to be 40 days and 5% for gas-fired plants, and 60 days and 
14.36% for nuclear plants. By comparison with fossil-fired plants, hydropower 
plants are of low unavailability and forced outage. The corresponding figures are 
assumed to be 20-30 days and 1-2%. 1 9 
8.5.10 Other technical parameters 
1 9 The data in this section are based on those used for the Electric Power 
Planning in Guangdong Province and are provided by Prof. Weizheng Li. 
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Table 8.5.3 House service consumption rate of conventional power plant 
Generation method House service consumption rate 
Coal power ( < 2 0 0 MWe) 8.00% 
Coal power ( > 2 0 0 MWe) 7.50% 
Hydroelectric power 0.25% 
Pumped storage power 0.30% 
Nuclear power 4.00% 
Natural gas power 3.00% 
Sources: Provided by Prof. Weizheng Li; Zhao (1989); Own estimates. 
Transmission and distribution efficiency of the power grid is defined to be 
one minus line losses in transmission and distribution. Currently, the line losses 
are over 8% of the total electricity supplied (State Statistical Bureau, 1992b). 
With the upgrading of the power grid, the figure is expected to go down to 8% in 
2000 and 7% in 2010 (Zhang, 1991). 
As for thermal efficiency of nuclear power, 33% is assumed for nuclear 
power plants with a unit capacity of 300 MWe and 35% for plants with a unit 
capacity of 600 MWe and above. The unit consumption of nuclear fuel is 
assumed to be 33000 MWday per ton of uranium (Shi et ah, 1992). 
8.5.11 C0 2 emission coefficients 
Other technical parameters include house service consumption rate (HSCR) of 
various power plants, transmission and distribution efficiency of the power grid, 
thermal efficiency of nuclear power, and unit consumption of nuclear fuel. 
The HSCR is referred to as the amount of electricity consumed by station 
auxiliaries and is measured by a percentage of gross electricity generation. The 
assumed HSCR by thermal, hydropower and nuclear plants is given in Table 
8.5.3. The corresponding figure for other HSCR is negligible: 
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The amount of C 0 2 emissions per unit of energy, the so-called C 0 2 emission 
coefficients, vary among fuels. By convention, the emission coefficients are 
expressed in terms of the weight of the carbon atom only, not the weight of the 
entire C 0 2 molecule (Edmonds and Darmstadter, 1990). The coefficients used for 
calculating C 0 2 emissions associated with energy consumption aie shown in 
Table 3.6.1, which are generally considered suitable for China. 
8.6 A comparison of alternative power plants 
Before addressing their most cost-efficient mix, in this section I will perform a 
comparison of alternative power plants in terms of both the generation cost and 
the marginal cost of carbon abatement. Its purpose is to rank the power plants 
examined in terms of their cost-effectiveness and to shed light on the priorities of 
abatement investments, the latter being viewed as a precondition for successful 
joint implementation projects. 
I start with discussing the generation costs of power plants of various 
types. The International Union of Producers and Distributors of Electrical Energy 
(UNIPEDE) recommends that electricity generation cost should be expressed in 
constant money units levelized over the lifetime of the plant. This cost is the so-
called levelized cost. 2 0 It is made up of three parts - capital recovery cost, 
operation and maintenance cost, and fuel cost: 
LC; = CRC. + OMC. + FCt 
where 
CRCj Capital recovery cost of power plant i. 
2 0 Levelized cost spreads total generation cost over total output to arrive at a 
figure which, if charged for each kWh, would exactly balance costs and income 
(OECD, 1989). It was put forward by UNIPEDE to initially compare cost of 
nuclear power generation with that of conventional power generation. Afterwards 
the levelized cost methodology is accepted and widely used by the OECD and the 
IAEA (International Atomic Energy Agency) nations. 
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V M (1 + aVJ 
where 
cc, Capital cost per incremental unit of capacity of power plant i. 
clj Construction lead time of power plant i. 
lj Lifetime of power plant i. 
u, Average utilization of power plant i (hours per year). 
a Annual discount rate. 
CRC, = cc, 
ch'U, 
(l+o) '-1 
Let us now turn to the marginal cost of carbon abatement. For a given 
level of service, each advanced plant will have high capital costs but can save a 
certain amount of energy with respect to the reference. Associated with those 
savings in fuel is a reduction in C 0 2 emissions. Dividing the increased cost of an 
advanced plant by the corresponding amount of C 0 2 emissions reduced, the 
incremental cost per unit of C 0 2 reduction, i.e. marginal cost of C 0 2 reduction 
by an advanced plant, can be expressed as follows: 
LC.-LC. 
MC. = - J-— hCoal power (<200MWe), i*j 
EC02.-EC02. 
FCt Annual fuel cost of power plant i. 
LCt Levelized cost of power plant i. 
OMQ Annual operation and maintenance cost of power plant i. 
CRC, is an annuity. Assuming that during the construction lead time the 
same amount of investment expenditures is spent per annum, CRC, is then 
determined by spreading capital cost (including interest charges) over total output 
during the lifetime of power plant i: 
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where 
EC02t C 0 2 emissions per unit of electricity generation by plant i. 
MC, Marginal cost of C 0 2 reduction by advanced plant i. 
Note that in calculating the marginal cost, I use the levelized cost rather 
than the capital cost. The reason for such a choice is the following: given that 
shortages of capital resources are often the main constraint on the adoption of 
new technologies, the marginal cost of carbon abatement calculated on a basis of 
capital cost could be useful for policymakers as a means of ranking alternative 
technologies. Its limitations are also obvious, however, because no account is 
taken of discounting costs over time, operation and maintenance cost, and fuel 
cost. This could result in a bias towards conventional plants, because advanced 
plants, though costly, are more energy-efficient compared with the reference. 
Table 8.6.1 shows both the generation cost and the marginal cost of C 0 2 
reduction by each plant at a 10% discount rate. They clearly indicate the cost-
effectiveness of each plant. 
The lower the levelized cost, the more cost-effective the plant. This means 
that renewable energy plants, such as wind and PV plants, are still too costly by 
comparison with conventional coal and hydroelectric plants. Technically, they 
have yet to be proved for large-scale electricity production.. Nuclear power, 
though more competitive than renewable power, is less competitive than coal 
power. In order to ease the increasing energy shortages and because nuclear 
power provides, with the exception of hydroelectric power, the only so far 
proven method for enormous potential for large-scale generation of electricity 
without a directly parallel production of C 0 2 emissions, however, nuclear 
power's share in total electricity generation is expected to rise. This rise would 
come at higher electricity prices than would otherwise have been the case, given 
an inverse relationship between electricity prices the percentage of electric power 
generated from nuclear power. Imported gas-fired power is even less economical 
than nuclear power, although it is just the other way around in the Western 
countries (MacKerron, 1992). Thus, the development of gas power is only a 
limited solution to meet the power needs in the energy-deficient but economically 
developed coastal areas. 
Table 8.6.1 A comparison of alternative power plants at a 10% discount rate 
Capital recovery cost O&M cost Fuel cost Levelized cost Marginal costb 
(cent/kWh)a (cent/kWh)a (cent/kWh)a (cent/kWh)a (yuan/tC)a 
Coal power ( < 2 0 0 MWe) 5.320 1.805 11.870 18.995 -
Coal power (200 MWe ~ 300 MWe) 4.811 1.561 10.446 16.818 -744.320 
Coal power ( > 3 0 0 MWe) 4.960 1.603 9.685 16.248 -602.083 
Hydroelectric power ( > 2 5 MWe) 13.084 1.657 - 14.740 -167.558 
Mini-hydroelectric power ( < 2 5 MWe) 15.605 1.865 - 17.471 -60.025 
Pumped storage hydroelectric power 21.606 2.671 - 24.277 208.045 
Nuclear power (300 MWe) 21.086 5.867 2.391 29.345 407.627 
Nuclear power (600 MWe - 1000 MWe) 20.219 5.646 2.255 28.119 359.367 
Imported natural gas-fired power 10.581 1.497 21.101 33.179 917.289 
Wind-driven power generation 28.065 4.969 - 33.034 552.926 
Decentralized mini-wind power generator 39.040 8.361 - 47.401 1118.777 
Centralized solar PV power 112.105 6.284 - 118.389 3914.607 
Decentralized solar PV power 162.870 4.606 - 167.476 5847.905 
Biomass-based power generation 26.520 4.750 - 31.270 483.448 
Geothermal-based power generation 16.386 8.723 - 25.109 240.807 
a Measured at 1990 prices; b Marginal cost of carbon abatement. 
Source: Own calculations. 
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It can be observed that large coal-fired plants (200 MWe and above) and 
hydroelectric plants have negative marginal costs of C 0 2 reduction by comparison 
with the reference. Let us have a closer look at the interesting results. 
From an economic point of view, that the marginal costs of carbon 
abatement by power plants are negative implies that these plants are less expen-
sive than the reference. For large coal plants, the interpretation is straight-
forward. Large units, by comparison with the reference, are energy-efficient and, 
because of their economies of scale of plants, are also cost-effective. Thus, it is 
conceivable that the marginal costs of C 0 2 reduction by large units are negative. 
This conclusion remains unchanged no matter what the coal price and the level of 
discount rates are. 
Now that large plants are superior to small ones in terms of thermal effi-
ciency, capital costs and environmental impact, why has their share in total 
capacity installed so far been low? This is partly due to the lack of manufacturing 
capacity for large units. At present, domestic capacity is only able to manufacture 
one unit of 600 MWe and 12-13 units of 300 MWe (Hu et al., 1992). It can only 
meet about 25 % of the newly-added thermal capacity required per annum during 
the coming decade. The second reason is because of the difficulties in mobilizing 
the necessary large investment resources. A disturbing consequence is that some 
local governments under pressure of acute power shortages are continuing to 
invest in large numbers of small coal-fired plants, although national policy 
emphasizes development of 300 MW and 600 MW units (World Bank, 1994). 
The third reason is related to the disappointing performance of domestically-
produced large units. 2 1 By comparison with small plants, the equivalent avail-
ability factor of large plants is low. This is partly because large units have long 
outages (see Section 8.5.9) and partly because a number of large units are still 
unable to operate stably at the nominal outputs designed (the full capacity). 
By comparison with coal plants, the results for hydroelectric plants need 
to be interpreted with caution. This is because their comparisons with the 
reference depend greatly on coal price and level of discount rates. For the present 
study, as pointed out in Section 8.5.2, I use the real user price of coal, which 
reflects the real cost of coal production and delivery. If the subsidized price of 
domestic coal is used, hydroelectric plants are not yet competitive with the 
2 1 This was also experienced in adopting 500 MW generating units in the 
United Kingdom (see Section 3.4). 
Cost-effective analysis of carbon abatement options in China's electricity sector 265 
reference. This is the reason for the current underdevelopment of hydroelectric 
power. Moreover, because hydroelectric plants are capital-intensive and have 
long construction lead times by comparison with small coal-fired units, the level 
of discount rates does matter. Given 10% as the cost of capital, hydropower 
electricity would be cheaper than coal-fired electricity. Should the cost of capital 
be 13%, however, hydropower electricity would become costlier than coal-fired 
electricity. 
8.7 The business-as-usual scenario for electricity supply 
As a starting point for the reduction scenarios, a business-as-usual (or baseline) 
scenario needs to be developed for electricity supply in China over the period to 
2010. The scenario assumes no policy intervention directly aimed to limit the rate 
of C 0 2 emissions from the electricity supply. The quantity and type of an 
additional new plant needed over time are determined optimally according to the 
relative economics of the alternative options subject to constraints on electricity 
demand and the rate of plant construction within specific time periods. The 
results for the baseline scenario are given in Tables 8.7.1 and 8.7.2. 
The baseline scenario is characterized by a rapid growth of the power 
industry during the period under consideration. As shown in Table 8.7.1, total 
generating capacity is expected to rise from 137.94 GW in 1990 to 275.70 GW in 
2000 and to 539.63 GW in 2010, with an average annual net add-up of 14 GW 
from 1990 to 2000 and 26 GW thereafter to 2010. 2 2 Accordingly, there will be 
an increasing demand for investment in electric power in order to materialize 
such add-up. Measured as a percentage of GNP, capital investment in the 
electricity sector is estimated to rise from 1.89% in 1990 to 2.19% in 2000. With 
the subsequent slowdown of economic growth and hence electricity demand, 
capital investment in the electricity sector as a share of GNP is calculated to go 
down slightly to 2.14% in 2010, although an increasing expansion of capital-
2 2 Although an average annual growth rate of generating capacity is slightly 
lower during the second period than during the first one, its average annual add-
up during the second period is almost two times that during the first period. This 
is mainly because total generating capacity in 2000 is almost two times that in 
1990. 
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intensive plants, such as nuclear power and hydroelectric power that have higher 
unit investment costs than coal power, will turn out to have the opposite effect. 
Table 8.7.1 Main results for the baseline scenario 
1990 2000 2010 
Total generating capacity installed (GW) 137.94 275.70 539.63 
Coal used for electricity generation (Mt) 272.04 543.18 976.96 
As a share of total coal consumption (%) 25.78 34.40 40.40 
Gross coal consumption (gce/kWh) 398 a 352.97 338.78 
Capital investment in the electricity sector 
as a share of GNP (%) 1.89 2.19 2.14 
C 0 2 emissions from coal-fired power (MtC) 126.50 252.58 454.29 
a Capacity installed of 6000 kW and above. 
Sources: For data of 1990, State Statistical Bureau (1992a, 1992b); Others from 
own calculations. 
A breakdown of total generating capacity by plant is shown in Table 
8.7.2. It can be seen that coal-fired power plants still predominate, although the 
role of alternatives is growing. Accordingly, the amount of coal consumed for 
electricity generation grows rapidly. Its share in total coal consumption rises from 
25.8% in 1990 to 34.4% in 2000 and to 40.4% in 2010. Correspondingly, this 
will lead to an increase in emissions of S 0 2 and C 0 2 within the power sector 
itself, although the decreasing direct use of coal will alleviate the environmental 
impacts of coal use as a whole. 2 3 The calculations show that the related C 0 2 
emissions from coal-fired plants are expected to rise from 126.5 MtC in 1990 to 
252.6 MtC in 2000 and to 454.3 MtC in 2010, with an average annual growth 
rate of 7.2% from 1990 to 2000 and 6.0% thereafter to 2010. The slowdown of 
C 0 2 emissions during the second period is largely due to a decreasing economic 
2 3 There are at least two reasons for this. First, boilers used in power plants 
are much more efficient than coal stoves used by households. Second, control of 
pollution caused by point sources like power plants is less costly than that of 
nonpoint sources like the nationally widely-used coal stoves. 
Table 8.7.2 Generating capacity installed for the baseline scenario over the period 1990 - 2010 
1990 2000 2010 
GW % GW % GW % 
Coal power ( < 2 0 0 MWe) 61.94 44.90 47.34 17.17 32.80 6.08 
Coal power (200 MWe ~ 300 MWe) 32.70 23.70 127.55 46.26 281.95 52.25 
Coal power ( > 3 0 0 MWe) 6.80 4.93 25.20 9.14 60.20 11.16 
Hydroelectric power ( > 25 MWe) 22.38 16.22 50.00 18.14 105.00 19.46 
Mini-hydroelectric power ( < 2 5 MWe) 13.67 9.91 17.80 6.46 28.50 5.28 
Pumped storage hydroelectric power 0.03 0.02 4.00 1.45 8.00 1.48 
Nuclear power (300 MWe) - - 0.30 0.11 0.60 0.11 
Nuclear power (600 MWe - 1000 MWe) - - 1.80 0.65 18.00 3.34 
Imported natural gas-fired power 0.40 0.29 0.80 0.29 2.40 0.44 
Wind power 0.02 0.01 0.78 0.28 1.55 0.29 
Others 0.03 0.02 0.13 0.04 0.63 0.12 
Total 137.94 100.00 275.70 99.99 539.63 100.00 
Source: Own calculations. 
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growth and, as shown in Table 8.7.2, an increasing penetration of efficient or 
carbon-free plants. 
With respect to the scale of coal plants, as shown in Table 8.7.2, more 
large units are expected to be put into operation during the period under consider-
ation compared with the current composition of plants, although a variety of 
problems as discussed in Section 8.6 need to be resolved in practice in order to 
promote the rapid moving up to large units. 2 4 The results are generally con-
sidered in accordance with the government focus on increasing plant scales. 
Because large units are more energy-efficient than small units, the moving up to 
large units will lead to a decline in gross coal consumption of power plants. As 
shown in Table 8.7.1, the average coal consumption of power plants is estimated 
to go down from 398 gce/kWh in 1990 to 353 gce/kWh in 2000 and to 339 
gce/kWh in 2010. Accordingly, the average generation efficiency will go up from 
30.9% in 1990 to 34.8% in 2000 and to 36.3% in 2010. 
As for nuclear power, although there is little prospect of dramatic 
increases during the period under consideration, nuclear power begins to make a 
useful contribution to China's electricity supply. As shown in Table 8.7.2, the 
share of nuclear power stations in total generating capacity is expected to rise to 
0.76% in 2000 and to 3.45% in 2010, whereas in 1990 no nuclear power stations 
were commissioned. This suggests that there will be a rapid development of 
nuclear power after its initial development stage to the year 2000. 
8.8 Carbon abatement: the cost-efficient mix of power plants 
As discussed in Section 7.3.3, the price of coal in 2010 will rise by 65% as a 
result of the imposition of a carbon tax of 205 yuan per ton of carbon in order to 
achieve a 20% cut in C 0 2 emissions in 2010. In this section, I will examine the 
impacts of such a change on the mix of power plants. In doing so, it is assumed 
that the price of coal changes linearly over time, implying that the price of coal 
in 2000 will have risen by 32.5%. 
2 4 Although it goes beyond the scope of this study, it should be pointed out 
that, in constructing large coal-fired power plants, the availability of water 
resources and the quality of these resources after use should also be considered. 
Similarly, the ecological damages from constructing large hydroelectric power 
plants must be considered. 
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Increasing the coal price makes coal less attractive as a fuel. Thus, it 
seems reasonable to assume that this will induce some shifts towards low-carbon 
or carbon-free plants. But in the baseline scenario, because the levelized cost of 
hydropower is lower than that of coal power, hydroelectric power has already 
been implemented to its maximum potential (i.e. upper bound). Thus, there is no 
room left for the substitution of hydroelectric power for coal power if the bound 
on hydroelectric power remains unchanged. This also applies to large coal power 
with a unit capacity of more than 300 MWe, which has also been implemented to 
its maximum potential in the baseline case. As for nuclear power, even in the 
case where the carbon tax is imposed, the levelized cost of nuclear power is still 
higher than that of coal power. Thus, there will be no switching to nuclear 
power. 
Facing the typical corner solution of the linear programming, which 
begins with the least-cost technology and progresses to others also in the least-
cost sequence, I have investigated three alternative policy simulations: 
Simulation 1: Moving up to large coal-fired units ( > 3 0 0 MWe); 
Simulation 2: Switching to hydroelectric power ( > 2 5 MWe); and 
Simulation 3: Switching to nuclear power ( 6 0 0 - 1 0 0 0 MWe). 
Table 8.8.1 shows the results of the three simulations. Although the share 
of coal-fired power plants in total generating capacity installed remains 
unchanged by comparison with the baseline, the average gross coal consumption 
of coal-fired plants in Simulation 1 is expected to go down to 333.46 gce/kWh in 
2010 because of the accelerated replacement of small units by large efficient 
ones. Consequently, this will lead to a reduction in C 0 2 emissions by 1.6% in 
2010. Moreover, such a replacement requires increased investment in electric 
power. Measured as a percentage of GNP, capital investment in the electricity 
sector in 2010 is estimated to rise from 2.14% in the baseline scenario to 2.25% 
in Simulation 1, although total generating capacity installed remains unchanged 
by comparison with the baseline. 
Table 8.8.1 Main results for the increase in real coal price by 65% in 2010 
Large coal power Hydroelectric power Nuclear power 
2000 2010 2000 2010 2000 2010 
Reduction in C 0 2 emissions relative to the baseline -1.3% -1.6% -3.1% -5.7% -2.5% -4.7% 
Capital investment in the electricity sector 
as a share of GNP (%) 2.34 2.25 2.38 2.38 2.35 2.34 
Gross coal consumption (gce/kWh) 348.37 333.46 351.58 336.96 352.19 337.64 
Total generating capacity installed (GW) 275.69 539.63 277.21 545.01 275.32 538.27 
Share of coal power in total capacity installed (%) 72.86 69.93 70.51 65.70 71.31 67.06 
Share of hydropower in total capacity installed (%) 26.04 26.22 28.40 30.49 26.08 26.29 
Share of nuclear power in total capacity installed (%) 0.76 3.45 0.76 3.41 2.28 6.24 
GNP relative to the baseline (-: declines) -1.535% -1.546% -1.542% 
GNP relative to Scenario 1 in Section 7.3.2 (-: declines) -0.92% -1.58% -1.38% 
Price of electricity relative to the baseline ( + : increases) 4-23.19% 4-23.49% 4-23.40% 
Price of electricity relative to Scenario 1 
in Section 7.3.2 ( + : increases) +0.33% +0.60% +0.52% 
Source: Own calculations. 
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Compared with Simulation 1, switching to hydroelectric power in Simula-
tion 2 will also bring the average gross coal consumption of coal-fired plants 
down, but to a lesser extent. Hydroelectric power is carbon-free energy, how-
ever, switching away from coal-fired power towards hydroelectric power will 
lead to a larger reduction in C 0 2 emissions than in Simulation 1. In addition, 
because hydroelectric power operates at a smaller load factor than coal power, in 
order to meet the same electricity demand as Simulation 1, total generating 
capacity installed in Simulation 2 is thus larger than in Simulation 1. Combined 
with hydroelectric power being more capital-intensive than coal power, we expect 
that more capital investment is required in Simulation 2. This is confirmed in 
Table 8.8.1, which shows that capital investment in the electricity sector as a 
share of GNP in 2010 will go up from 2.25% in Simulation 1 to 2.38% in 
Simulation 2. 
In 2010, Simulation 3 yields almost three times the amount of C 0 2 reduc-
tions of Simulation 1, but to a lesser extent than in Simulation 2. This is mainly 
because nuclear power is even more capital-intensive than hydroelectric power so 
that switching away from coal-fired power towards nuclear power is less than 
that towards hydroelectric power in Simulation 2. Consequently, the average 
gross coal consumption of coal-fired plants in Simulation 3 will go down less 
than in Simulation 2. In terms of capital investment in the electricity sector as a 
share of GNP, although nuclear power is more capital-intensive than hydroelec-
tric power, the figure for Simulation 3 is still smaller than that for Simulation 2, 
since nuclear power operates at a much higher load factor than hydroelectric 
power. But compared with Simulation 1, mainly because nuclear power is much 
more capital-intensive than coal power, the corresponding share for Simulation 3 
is larger, although total generating capacity installed remains almost unchanged in 
the two simulations. 
Using the CGE model that has been discussed in Chapters 5 to 7, the 
GNP effects of the three alternative policy simulations can be calculated. Table 
8.8.1 shows the results for 2010. Since more capital is diverted to the electricity 
sector of capital-intensive nature, we expect that the GNP growth will decline. 
Moreover, the greater the extent to which such a shift of capital takes place, the 
larger the GNP losses. This is confirmed in Table 8.8.1, which shows that, 
relative to Scenario 1 in Section 7.3.2, GNP falls by 0.92% in 2010 in Simula-
tion 1, 1.58% in Simulation 2, and 1.38% in Simulation 3. Besides, the acceler-
ated replacement of small coal-fired units by large efficient units, or by capital-
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intensive plants, such as nuclear power and hydroelectric power will lead to a 
rise in the price of electricity. According to the calculations with the CGE model, 
however, the price of electricity rises, but to a limited extent relative to Scenario 
1 in Section 7.3.2. 
8.9 Summary and conclusions 
Unlike Chapter 7, this chapter aims to shed light on technological aspects of 
carbon abatement in the electricity sector. Thus, it is devoted to satisfying 
electricity planning requirements in the C 0 2 context. There were at least four 
reasons for studying the electricity sector. First, the electricity sector is a major 
consumer of primary energy. Second, there are many more interfuel substitution 
possibilities in the sector compared with other sectors. Third, the results obtained 
from studying the electricity sector can contribute to forming a necessary basis 
for China's development of joint implementation projects with other countries, 
because projects for both increased generation efficiency and interfuel substitution 
in the sector are development priorities of the Chinese government. Fourth, time 
constraints did not allow studying the Chinese energy system as a whole, 
although it would have been desirable. 
For a cost-effective analysis of carbon abatement options in China's 
electricity sector, a technology-oriented optirnization model for power system 
expansion planning has been developed. This model has been adapted from the 
MARKAL model. It chooses the minimization of discounted cost over the entire 
planning horizon as its objective function and incorporates a number of power-
related constraints adopted by MARKAL. In the power plarming model that has 
been programmed in GAMS, 15 types of power plants are represented in terms 
of their technical, economic and environmental parameters. Specifically, these 
parameters include initial investment, transmission and distribution costs, fixed 
and variable operating and maintenance costs, generation efficiency, plant utiliz-
ation, plant lifetime, construction lead times, fuel requirements, dates of introduc-
tion, maximum rates of expansion, and emissions coefficients. The model allows 
for substitution from high-carbon fossil fuels and technologies towards low-
carbon and carbon-free counterparts and for interactions between periods to cope 
with carbon limits. 
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In order to examine the cost-effectiveness of the 15 types of power plants 
considered and hence to shed light on the priorities of abatement investments, the 
latter being viewed as a precondition for successful joint implementation projects, 
a comparison of the power plants has been made in terms of both the levelized 
cost of generation and the marginal cost of C 0 2 reduction at a 10% discount rate. 
Such a comparison shows that renewable energy plants, such as wind and PV 
plants, are still too costly by comparison with conventional coal and hydroelectric 
plants, although they can generate electricity without a directly parallel produc-
tion of C 0 2 emissions. It has also been found that large coal-fired plants (200 
MWe and above) and hydroelectric plants have negative marginal costs of C 0 2 
reduction by comparison with small coal-fired plants ( < 2 0 0 MWe), the latter 
being chosen as the reference since they represent a worst-case option from the 
point of view of C 0 2 emissions (see Table 8.6.1). Thus, these plants should be 
given priority in carbon abatement investments. In practice, however, in order to 
promote the moving up to large units, efforts should be directed towards resolv-
ing a variety of problems, including the lack of domestic capacity for manufactur-
ing large units, the difficulties in mobilizing the necessary large investment 
resources, and the disappointing performance of domestically-produced large 
units. 
Using the power planning model and based on the macroeconomic results 
obtained through the CGE model concerning GNP growth and energy demand, a 
baseline scenario for electricity supply over the period to 2010 has been devel-
oped. The baseline scenario is characterized by a rapid growth of the power 
industry, with an average annual net add-up of 14 GW from 1990 to 2000 and 26 
GW thereafter to 2010. Accordingly, capital investment in the electricity sector 
as a share of GNP is calculated to go up from the current level. With respect to a 
breakdown of total generating capacity by plant, the calculations show that coal-
fired power plants still predominate, although the role of alternatives is growing. 
Accordingly, the amount of coal consumed for electricity generation grows 
rapidly, thus increasing its share in total coal consumption. This will lead to an 
increase in C 0 2 emissions within the power sector itself, although the decreasing 
direct use of coal will alleviate the environmental impacts of coal use as a whole. 
With respect to the scale of coal plants, it has been shown that more large units 
are expected to be put into operation during the period under consideration 
compared with the current composition of plants. This will bring the average 
gross coal consumption of coal-fired plants down. Besides, the calculations show 
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that nuclear power begins to make a useful contribution to China's electricity 
supply, although there is little prospect of dramatic increases until the year 2010. 
In Section 8.8, the impacts have been examined of a 65% rise in the price 
of coal as a result of the imposition of a carbon tax of 205 yuan per ton of 
carbon in order to achieve a 20% cut in C 0 2 emissions in 2010. This has been 
done by means of the CGE model. In this regard, three alternative policy simula-
tions have been investigated, all of which are relative to the baseline. Simulation 
1 shows the accelerated moving up to large coal-fired units, Simulation 2 the 
accelerated expansion of hydroelectric power, and Simulation 3 the accelerated 
expansion of nuclear power. Of the three simulations, the calculations for 
Simulation 1 suggest the largest reduction in average gross coal consumption of 
coal-fired plants, the smallest increase in capital investment, but the smallest 
reduction in C 0 2 emissions. The calculations for Simulation 2 suggest the highest 
increase in capital investment, but the largest reduction in C 0 2 emissions. The 
calculations for Simulation 3 suggest that capital investment and reduction in C 0 2 
emissions lie in between Simulations 1 and 2, but are closer to those for Simula-
tion 2. With respect to the effects on the GNP losses and the price of electricity, 
the calculations through the CGE model show that there are slight differences 
among the three alternative policy simulations. This, combined with the effective-
ness in a reduction in C 0 2 emissions, would suggest the accelerated expansion of 
hydroelectric power and nuclear power in the carbon abatement investments (of 
course, the safety and radioactive waste disposal of nuclear power plants and the 
ecological damages from constructing large hydroelectric power plants must be 
taken into account). This finding is in line with the government investment 
priority regarding the electricity sector, which has been set with aims to reduce 
pressure on transportation and air pollution but without considering the green-
house effect. This implies that the development of hydroelectric power and 
nuclear power will be accelerated, if curbing C 0 2 emissions is taken into 
account. 
9 CONCLUSIONS 
This study is the first systematic and comprehensive attempt to deal with the 
economic implications of carbon abatement for the Chinese economy in the light 
of the economics of climate change. This chapter summarizes the main con-
clusions. Given the purpose of the study, the conclusions focus on the following 
topics: 
- Analysis of the Chinese energy system: implications for future C 0 2 emissions; 
- Macroeconomic analysis of C 0 2 emission limits for China; and 
- Cost-effective analysis of carbon abatement options in China's electricity sector. 
In addition, relevance and potential use of the results from this study for 
science and policy-making are discussed briefly. Finally, some suggestions for 
further methodological and empirical work are provided in order to enrich the 
policy relevance of the study. 
9.1 Analysis of the Chinese energy system: implications for future C0 2 
emissions 
Chapter 3 is concerned with the Chinese energy system and its implications for 
China's future C 0 2 emissions. The following conclusions can be drawn from 
examining China's energy resources and their development, the Chinese energy 
consumption patterns, the achievements and remaining problems of electricity 
generation in China, China's energy conservation in an international perspective, 
historical C 0 2 emissions in China, and environmental challenges for the Chinese 
energy system. 
Regarding the reserves and utilization rates of China's fossil fuels, it is 
clear that, because of the low level of exploration for oil and natural gas, the 
proven recoverable coal reserves in China are 12.7 times its proven recoverable 
oil and natural gas reserves combined (see Table 3.2.1). As for hydropower, the 
economically exploitable capacity in China is estimated at as much as 378 GW, 
which is the largest in the world. Because of the lack of investment and 
276 Chapter 9 
unfavourable exploitation conditions, however, hydropower has so far been 
underdeveloped. The development of nuclear power in China has only just begun. 
Its domestic uranium supply can meet the need for short-term nuclear power 
development, but not those of a long-term large-scale development programme if 
nuclear power stations are to be based on the currently-used PWRs. With regard 
to renewables, their role in the energy balance is currently negligible, and there 
is little prospect of a dramatic increase because renewable systems are not yet 
competitive with conventional energy supply. China is thus bound to rely mainly 
on coal to fuel the development of its economy and thereby improve the Chinese 
standard of living, for as far ahead as can be seen. 
With respect to the Chinese energy consumption patterns, the characteris-
tics can be summarized as follows: main reliance on domestic energy resources; 
coal-dominant structure of energy consumption; uneven geographical distribution 
of energy resources and economy; low per capita energy consumption but high 
energy use per GNP; heavy reliance on biomass energy by rural households; and 
industry-dominant composition of final energy consumption. 
As far as electricity generation is concerned, China has made great 
achievements over the past decade, with an average annual add-up of 10 GW. 
Also two nuclear power stations were successfully put into operation, with a total 
capacity of 2.1 GW. This marked the end of an era without nuclear power in 
China. Despite the great achievements in electricity generation, China is still a 
country with a low penetration of electricity in total final energy consumption. Its 
power industry still faces some problems, including low unit capacity, under-
development of hydropower, small share of cogeneration units, and deficiencies 
of capital investment in transmission lines and distribution networks. 
With respect to energy conservation, China has achieved great progress in 
decoupling its GNP growth and energy consumption, with an annual growth of 
8.97% for the former but 5.06% for the latter during the period 1980-90. This 
achievement corresponds to an income elasticity of energy consumption of 0.56, 
an accumulated energy savings of 280 Mtce and to an annual saving rate of 
3.6%. While China has enjoyed such a great success, its energy use per unit of 
GNP is still among the highest in the world. This exceptionally high energy 
intensity can be explained by an unusually large share of energy-intensive indus-
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trial production in the Chinese economy, a large share of energy-intensive 
manufacturing in China's industry, a high proportion of coal consumption, and 
undervaluation of China's GNP. Thus, direct cross-country comparison of energy 
use per unit of output value should by no means be interpreted as representing 
the actual potential of energy conservation. Indeed, a sector-by-sector comparison 
of energy intensity in physical terms has shown that China's actual potential of 
energy conservation is much smaller than that from direct comparison of energy 
use with other countries (see Section 3.5.2). Moreover, in order to encourage 
future energy conservation investment and hence to materialize such a potential, 
current subsidies for energy consumption in China should be abolished. Also, 
consideration may be given to appropriate control over the growth of China's 
energy supply in order to put pressure on energy conservation on the demand 
side. 
While making such drastic domestic efforts towards energy efficiency, 
China badly needs assistance and economic and technical cooperation with the 
industrialized countries, because materializing energy efficiency gain requires 
increasingly large amounts of capital and technical expertise. Indeed, it is in the 
direct interest of the industrialized countries to encourage such a take-up, since it 
will act as a relief of pressure on these countries for yet more stringent measures 
to reduce C 0 2 emissions (see Section 7.5.2). This, combined with the commit-
ment made by the industrialized countries at the United Nations Conference on 
Environment and Development (also called the Earth Summit) in Rio de Janeiro 
to assist developing countries in reducing their emissions of greenhouse gases, in 
turn encourages China's request for international assistance. 
As past evidence shows, however, multilateral and bilateral development 
assistance agencies from the industrialized countries as well as international 
development banks tend to finance large-scale supply side projects rather than a 
number of small-scale demand side ones aimed at promoting end-use energy 
efficiency improvements (cf. Kats, 1990, 1992; Chandler et al., 1993). Given the 
decentralized nature of efficiency projects, the preference for large-scale projects 
is partly for the sake of reducing administrative overhead. The second reason for 
the lack of funding for energy efficiency is that some development assistance, 
especially from bilateral aid agencies, is tied aid, with an official grant or loan 
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offered on the condition that the recipient countries are required to procure goods 
and services from the donor countries.1 Clearly, such aid and loan practices are 
intended to serve the dual purpose of both providing assistance and expanding 
exports from the donor countries. Kats (1990, 1992) has argued that this financial 
assistance pattern is innately biased against energy programmes for promoting 
energy efficiency improvements in developing countries, since it results in a 
preference for large-scale projects that are capital intensive, highly dependent on 
donor technologies and require major imports in areas of particular export 
interest to the donor countries (Jepma, 1994). Thus, it is conceivable that 
developing countries, including China, cannot obtain the most required funds for 
this purpose from their industrialized counterparts, if this pattern continues. In 
this case, their achievements in energy conservation will entirely depend on the 
extent to which domestic efforts are taken and domestic funds are made available 
for such efforts. 
In order to ease the financial constraint and promote the transfers of 
technology and know-how, third-party financing (TPF), particularly combined 
with international funding, among other financing mechanisms, has been sug-
gested. 2 By comparison with build-operate-own-transfer (BOOT) that is con-
cerned with investment for expanding energy supply, TPF is concerned with 
energy conservation of existing energy users (Shunker et ah, 1992). Thus, this 
mechanism is considered a useful means of encouraging the dissemination of 
energy conservation schemes. Moreover, insofar as the bulk of infrastructure and 
capital equipment in developing countries has still to be put in place in the course 
of their industrialization, developing countries, including China, still have 
considerable leeway in choosing their development paths. In this regard, the 
industrialized countries can play a very active role. They can act in a number of 
ways. For example, they can provide assistance in facilitating joint ventures. This 
1 See Jepma (1994) for the definitions of tied aid and its impacts on both 
donor and recipient countries. 
2 The joint implementation mechanism has been put forward for limiting 
global GHG emissions. Considerations with respect to China will be summarized 
in the next two sections. 
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can help their companies profit from China's booming economy, and at the same 
time can help the Chinese companies employ more advanced foreign technology, 
thus using energy more efficiently. 
In terms of historical C 0 2 emissions, Table 3.6.2 shows that total C 0 2 
emissions from fossil fuels in China rose from 358.60 MtC in 1980 to 586.87 
MtC in 1990, with an average annual growth rate of 5%. This means that China 
ranks second in global C 0 2 emissions if the Soviet emissions are distributed over 
the new independent republics. But on a per capita basis, China's C 0 2 emissions 
of 0.5 tC in 1990 were very low by comparison with the world average. With 
regard to the breakdown of C 0 2 emissions by fuel, not surprisingly, coal 
predominates, accounting for 83.4% of the total emissions in 1990. Analysis of 
the contribution to C 0 2 emissions growth over the period 1980-90 has shown that 
China's economic growth measured in per capita GDP was an overwhelming 
factor, alone resulting in an increase of 314.67 MtC. Population expansion was 
responsible for an increase of 68.27 MtC. The change in fossil fuel mix contrib-
uted to an increase of 5.33 MtC. By contrast, a reduction of 154.67 MtC was 
achieved because of great success in energy conservation. The penetration of 
carbon-free fuels also contributed to a small reduction in emissions. 
Finally, it has been indicated that, driven by the threat of further degrada-
tion of the environment and the harmful economic effects of energy shortages, 
China is already determined to make great efforts towards energy conservation 
and enhanced energy efficiency in general, and towards using coal much more 
efficiently in particular. A number of policy measures, which have been and will 
continue to be implemented, have been outlined. They are the so-called 'no-
regrets' measures in the sense that they are taken without considering the 
greenhouse effect. These measures include increase in proportion of raw coal 
washed; retrofitting and replacement of small inefficient industrial boilers; 
substituting direct burning of coal by electricity through development of large-
size, high-temperature and high-pressure efficient coal-fired power plants; 
speeding up hydropower exploitation; popularizing domestic use of coal briquette; 
increased penetration of town gas into urban households; expanding district 
heating systems; and relaxing restrictions on energy trade. Moreover, success in 
the implementation of these measures will largely depend on the extent to which 
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a reform of China's energy pricing will be carried out. With respect to reducing 
C 0 2 emissions, because the 'regrets' policies are often costly, 'getting prices 
right' and implementing these 'no-regrets' actions above should have priority 
over the imposition of a carbon tax. This suggests that the implementation of 
these measures will be accelerated if curbing global C 0 2 emissions requires 
special action on China's part. 
9.2 Macroeconomic analysis of C0 2 emission limits for China 
In Chapter 4, it has been argued that a computable general equilibrium (CGE) 
approach is generally considered an appropriate tool for analysing the economic 
impacts of limiting C 0 2 emissions. Thus, a time-recursive dynamic CGE model 
of the Chinese economy has been designed, which has been described in Chapter 
5 and been calibrated in Chapter 6. This CGE model operates by simulating the 
operation of markets for factors, products and foreign exchange, with equations 
specifying supply and demand behaviour across all markets. The model includes 
ten producing sectors and distinguishes four energy inputs. The CGE model is 
made up of the following nine blocks: production and factors, prices, income, 
expenditures, investment and capital accumulation, foreign trade, energy and 
environment, welfare, and market clearing conditions and macroeconomic 
balances. The model allows for endogenous substitution among energy inputs and 
alternative allocation of resources as well as endogenous determination of foreign 
trade and household consumption in the Chinese economy for coping with the 
carbon limits at both sectoral and macroeconomic levels. The model is also able 
to calculate the resulting welfare impacts. Furthermore, the CGE model incorpor-
ates an explicit tax system. This makes it suitable for estimating the 'double 
dividend' from the imposition of a carbon tax that is incorporated as a cost-
effective means of limiting C 0 2 emissions. Finally, the model is solved directly 
with a numerical solution technique included in GAMS. 
Using this CGE model, a baseline scenario for the Chinese economy has 
first been developed under a set of assumptions about the exogenous variables. 
The calculations show that a rapid growth of the Chinese economy will take place 
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until the year 2010. Consequently, this will lead to increased energy consumption 
and hence C 0 2 emissions, despite substantial energy efficiency improvement. 
Moreover, a comparison with other studies for China has shown that of all the 
models considered, our estimates of the baseline C 0 2 emissions represent the 
most plausible case from the point view of C 0 2 emissions. 
Then, using the time-recursive dynamic CGE model and assuming that 
carbon tax revenues are retained by the government, Section 7.3 analyses the 
implications of two scenarios under which China's C 0 2 emissions in 2010 will be 
cut by 20% and 30% respectively relative to the baseline. The two emission 
targets are less restrictive in that they are not compared with the level of 
emissions in a single base year, but with the baseline C 0 2 emissions in 2010, the 
latter being 2.46 times those in 1990. The main findings are as follows. 
First, a larger absolute cut in C 0 2 emissions will require a higher carbon 
tax. A higher tax also implies higher prices of fossil fuels. Moreover, carbon tax 
rises at an increasing rate as the target of C 0 2 emissions becomes more stringent, 
indicating that large reductions in carbon emissions can only be achieved by ever-
larger increases in carbon taxes and hence prices of fossil fuels. 
Second, even under the two less restrictive carbon emission scenarios, 
China's GNP drops by 1.5% and 2.8% and its welfare measured in Hicksian 
equivalent variation drops by 1.1% and 1.8% respectively in 2010 relative to the 
baseline, indicating that the associated GNP and welfare losses tend to rise more 
sharply as the degree of the emission reduction increases. Given the often 
reported losses of 1-3 per cent of GDP in industrialized countries under very 
restrictive carbon limits, the results also support the general finding from global 
studies that China would be one of the regions hardest hit by carbon limits. 
Third, although aggregate gross production tends to decrease at an 
increasing rate as the carbon dioxide emission target becomes more stringent, 
changes in gross production vary significantly among sectors in both absolute and 
relative terms. Of the ten sectors considered, we found that the coal sector is 
affected most severely in terms of output losses under the two C 0 2 constraint 
scenarios. Consequently, this will lead to a considerable decline in the sector's 
employment. 
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Fourth, of the four adjustment mechanisms considered, lower energy input 
coefficients contribute to the bulk of energy reduction and hence C 0 2 emissions 
in 2010 under the two C 0 2 constraint scenarios, followed by a change in the 
structure of economic activity. With respect to the contributions to carbon 
abatement in 2010, although in relative (percentage) terms energy consumption in 
the coal sector and the corresponding C 0 2 emissions in 2010 are reduced most 
under both scenarios, in absolute terms, the largest reductions occur in the heavy 
industry. 
Imposing a carbon tax will raise government revenues. How these 
revenues are used will affect the overall economic burden of the tax. In Sections 
2.5 and 4.4, it has been argued that the macroeconomic effects of offsetting 
carbon tax revenues with reductions in indirect taxes are more positive than in 
other tax offset cases. Thus, this will probably be the most likely use of the 
revenues. In Section 7.4, we have computed the efficiency improvement of four 
indirect tax offset scenarios relative to the two tax retention scenarios above. The 
four simulations labelled as Reforms la, lb, 2a and 2b respectively show that if 
these revenues were used to offset reductions in indirect taxes, the negative 
impacts of carbon taxes on GNP and welfare would be reduced. Moreover, as 
shown by Reforms 2a and 2b as well as in Figures 7.4.1 and 7.4.2, the effi-
ciency improvement tends to rise as the target of C 0 2 emissions becomes more 
stringent (i.e. fossil fuels are taxed more heavily by carbon taxes). This suggests 
that it would become more worthwhile to lower indirect taxes in order to reduce 
the adverse effects of a carbon tax. 
In Section 7.5, a comparison with other studies for China has been made. 
It has been indicated that our estimates of the reduction in GNP growth are 
higher than those by GLOBAL 2100 and GREEN in order to achieve the same 
reductions in C 0 2 emissions relative to the baseline. This difference might be 
related to three factors. First, our baseline of carbon emissions is higher than that 
in GLOBAL 2100 and GREEN. Second, our model is relatively disaggregated 
compared with both GLOBAL 2100 and GREEN. This implies less 
substitutability in our model, leading to higher economic costs. Third, model 
types matter. While in our single-country model one branch of industry is 
estimated to be negatively affected under the carbon constraints, this would not 
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always be the case in a global model such as GREEN because of the relative 
improvement in Chinese branch goods' competitiveness via trade reallocation. 
The differing effects brought about by the imposition of unilateral carbon taxes or 
regional carbon taxes could be part of the explanation for the higher GNP losses 
in our model. 
With respect to the carbon taxes required to achieve the same carbon 
reductions in 2010 relative to the baseline, our estimates are on the one hand 
higher than those by GREEN. This is because GREEN has a smaller size of the 
gap between the uncontrolled emissions and the emission target, and because 
GREEN has lower baseline prices of fossil fuels. On the other hand, our esti-
mates are lower than those by GLOBAL 2100. This is because GLOBAL 2100 
assumes lower values of the AEEI parameter, and because GLOBAL 2100 
considers limited options for reducing C 0 2 emissions and overstates the costs of 
some important alternative low carbon-polluting energy technologies. 
Finally, comparing carbon tax levels across the regions considered shows 
that the carbon taxes required in China are much lower than those for both the 
industrialized countries and the world average in order to achieve the same 
emission reductions relative to the baseline. This suggests that the joint implemen-
tation mechanism as a preliminary step towards a global regime of tradeable 
carbon permits, although not without conceptual problems, should be considered 
a means of reducing global C 0 2 emissions effectively. This mechanism will not 
only help China, which is becoming an important source of future C 0 2 
emissions, alleviate the suffering from possible future carbon limits, but also act 
to lower the costs of undertaking carbon abatement in the industrialized countries. 
9.3 Cost-effective analysis of carbon abatement options in China's elec-
tricity sector 
Chapter 8 aims to shed light on technological aspects of carbon abatement in the 
electricity sector. Thus, it is devoted to satisfying electricity planning require-
ments in the C 0 2 context. There were at least four reasons for studying the 
electricity sector. First, the electricity sector is a major consumer of primary 
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energy. Second, there are many more interfuel substitution possibilities in the 
sector compared with other sectors. Third, the results obtained from studying the 
electricity sector can contribute to forming a necessary basis for China's develop-
ment of joint implementation projects with other countries. Fourth, time con-
straints did not allow studying the Chinese energy system as a whole. 
For a cost-effective analysis of carbon abatement options in China's 
electricity sector, a technology-oriented optimization model for power system 
expansion planning has been developed. This model has been adapted from the 
MARKAL model. It chooses the minimization of discounted cost over the entire 
planning horizon as its objective function and incorporates a number of power-
related constraints adopted by MARKAL. In the power plarming model that has 
been programmed in GAMS, 15 types of power plants are represented in terms 
of their technical, economic and environmental parameters. Specifically, these 
parameters include initial investment, transmission and distribution costs, fixed 
and variable operating and maintenance costs, generation efficiency, plant utiliz-
ation, plant lifetime, construction lead times, fuel requirements, dates of introduc-
tion, maximum rates of expansion, and emissions coefficients. The model allows 
for substitution from high-carbon fossil fuels and technologies towards low-
carbon and carbon-free counterparts and for interactions between periods to cope 
with carbon limits. 
In order to examine the cost-effectiveness of the 15 types of power plants 
considered and hence to shed light on the priorities of abatement investments, a 
comparison of the power plants has been made in terms of both the levelized cost 
of generation and the marginal cost of C 0 2 reduction at a 10% discount rate. 
Such a comparison shows that renewable energy plants, such as wind and PV 
plants, are still too costly by comparison with conventional coal and hydroelectric 
plants, although they can generate electricity without a directly parallel produc-
tion of C 0 2 emissions. It has also been found that large coal-fired plants (200 
MWe and above) and hydroelectric plants have negative marginal costs of C 0 2 
reduction by comparison with small coal-fired plants ( < 2 0 0 MWe), the latter 
being chosen as the reference since they represent a worst-case option from the 
point of view of C 0 2 emissions (see Table 8.6.1). Thus, these plants should be 
given priority in carbon abatement investments. In practice, however, in order to 
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promote the moving up to large units, efforts should be directed towards resolv-
ing a variety of problems, including the lack of domestic capacity for manufactur-
ing large units, the difficulties in mobilizing the necessary large investment 
resources, and the disappointing performance of domestically-produced large 
units. 
Using the power planning model and based on the macroeconomic results 
obtained through the CGE model concerning GNP growth and energy demand, a 
baseline scenario for electricity supply over the period to 2010 has been devel-
oped. The baseline scenario is characterized by a rapid growth of the power 
industry, with an average annual net add-up of 14 GW from 1990 to 2000 and 26 
GW thereafter to 2010. Accordingly, capital investment in the electricity sector 
as a share of GNP is calculated to go up from the current level. With respect to a 
breakdown of total generating capacity by plant, the calculations show that coal-
fired power plants still predominate, although the role of alternatives is growing. 
Accordingly, the amount of coal consumed for electricity generation grows 
rapidly, thus increasing its share in total coal consumption. This will lead to an 
increase in C 0 2 emissions within the power sector itself, although the decreasing 
direct use of coal will alleviate the environmental impacts of coal use as a whole. 
With respect to the scale of coal plants, it has been shown that more large units 
are expected to be put into operation during the period under consideration 
compared with the current composition of plants. This will bring the average 
gross coal consumption of coal-fired plants down. Besides, the calculations show 
that nuclear power begins to make a useful contribution to China's electricity 
supply, although there is little prospect of dramatic increases until the year 2010. 
In Section 8.8, the impacts have been examined of a 65% rise in the price 
of coal as a result of the imposition of a carbon tax of 205 yuan per ton of 
carbon in order to achieve a 20% cut in C 0 2 emissions in 2010. This has been 
done by means of the CGE model. In this regard, three alternative policy simula-
tions have been investigated, all of which are relative to the baseline. Simulation 
1 shows the accelerated moving up to large coal-fired units, Simulation 2 the 
accelerated expansion of hydroelectric power, and Simulation 3 the accelerated 
expansion of nuclear power. Of the three simulations, the calculations for 
Simulation 1 suggest the largest reduction in average gross coal consumption of 
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coal-fired plants, the smallest increase in capital investment, but the smallest 
reduction in C 0 2 emissions. The calculations for Simulation 2 suggest the highest 
increase in capital investment, but the largest reduction in C 0 2 emissions. The 
calculations for Simulation 3 suggest that capital investment and reduction in C 0 2 
emissions lie in between Simulations 1 and 2, but are closer to those for Simula-
tion 2. With respect to the effects on the GNP losses and the price of electricity, 
the calculations through the CGE model show that there are slight differences 
among the three alternative policy simulations. This, combined with the effective-
ness in a reduction in C 0 2 emissions, would suggest the accelerated expansion of 
hydroelectric power and nuclear power in the carbon abatement investments (of 
course, the safety and radioactive waste disposal of nuclear power plants and the 
ecological damages from constructing large hydroelectric power plants must be 
taken into account). This finding is in line with the government investment 
priority regarding the electricity sector, which has been set with aims to reduce 
pressure on transportation and air pollution but without considering the green-
house effect. It suggests that the development of hydroelectric power and nuclear 
power needs to be accelerated in China if curbing C 0 2 emissions is taken into 
account. This implies that it is in China's interest to consider joint implementation 
projects for increased generation efficiency and interfuel substitution in the 
electricity sector. This is viewed as a precondition for the development of joint 
implementation projects with China. In practice, however, to make these projects 
operational will depend on the far-reaching negotiations for joint implementation 
mechanism with respect to additional funds rather than traditional development 
aid, access to funding, comprehensiveness, baseline definition, crediting, mini-
mum levels of domestic abatement targets, costs, technology transfers, risk, and 
institutional arrangements. 
9.4 Relevance and potential use of the results from this study for science 
and policy-making 
The Chinese government has ratified the UN Framework Convention on Climate 
Change and China's Agenda 21, the latter serving as a white paper of China's 
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population, environment and development in the 21st century. At present, China 
is beginning the process of developing an appropriate response strategy for 
climate change. Several projects have been initiated that deal with various aspects 
of climate change. Nevertheless, in China systematic and comprehensive research 
on the economic implications of carbon abatement for the Chinese economy is 
still in its infancy. In this regard, the results from this study, although still 
preliminary at this stage, should be of interest to energy and environmental 
policymakers in China and to those who seek to advise them. Moreover, the 
present study shows, among other things, not only the rationale for the joint 
implementation mechanism, but also what kinds of joint implementation projects 
are in China's interest. In the international arena, this is of particular interest to 
parties that are interested in obtaining China's cooperation in addressing regional 
and global environmental problems and in promoting sustainable development of 
the Chinese economy. For energy and environmental economists interested in 
quantifying economic impacts of energy and environmental policies and in 
carrying out a cost-effective analysis of options for limiting pollutant emissions, 
the application of the CGE modelling and the dynamic optimization approaches 
used in this study may be of interest. Besides, the databases developed and the 
modelling exercise carried out within the framework of the present study provide 
a suitable basis for further study. 
9 .5 Suggestions for further work 
The current CGE model provides a suitable and flexible basis for analysing the 
economic impacts of compliance with C 0 2 emission limits. Nevertheless, there 
are some areas where there is a need for further methodological and empirical 
work in order to enrich the policy relevance of this study. 
First, it would be desirable to incorporate an intertemporal optimization 
structure into the current CGE model. In the C 0 2 context, there are at least two 
reasons for justifying such a change in the model structure. First, given that 
greenhouse gases are the so-called 'stock pollutants', the effectiveness of abate-
ment policies should thus be judged in terms of a reduction in accumulated C 0 2 
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emissions during the period under consideration, rather than in terms of the 
emissions rate at any particular point in time. Second, imposing a cumulative 
carbon limit provides an additional degree of policy flexibility, since it allows a 
country to optimize its time path of carbon emissions. 
Second, it would be useful to incorporate estimates of the benefits from 
reduced C0 2 emissions into the current CGE model if they become available at 
some time in the future, so that policymakers can make their decision balancing 
both the benefits and costs of carbon abatement. 
Third, it would be desirable to incorporate aspects of income distribution 
if the required data become available. Although the current CGE model is 
appropriate for calculating the economic costs of a carbon tax, it cannot be used 
to analyse its distributional effects because of the lack of data on income distribu-
tion. However, distributional aspects are considered to be important when 
designing a domestic carbon tax. 
Fourth, it would be desirable to extend the time horizon beyond 2010, 
given the long-term nature of the climate change issue. The longer the horizon, 
the more attention should be paid to the treatment of backstop technologies, 
which are crucial to limiting the carbon tax level required and thus reducing the 
economic costs incurred for compliance with emission limits. 
SUMMARY 
This study is the first systematic and comprehensive attempt to deal with the 
economic implications of carbon abatement for the Chinese economy in the light 
of the economics of climate change, of which this dissertation is the results. It 
consists of nine chapters. After a brief introduction, Chapter 2 discusses some 
economic aspects of climate change. This in turn will serve as a good guide to 
pursuing the case study for C 0 2 emissions in China. Chapter 3 analyses the 
Chinese energy system in the C 0 2 context. Chapter 4 discusses alternative 
economic modelling approaches to cost estimates for limiting C 0 2 emissions. The 
purpose is to show the rationale for choosing a computable general equilibrium 
(CGE) approach for the macroeconomic analysis of C 0 2 emission limits and 
linking such a CGE model of the Chinese economy with a power planning model 
of China's electricity sector. Chapter 5 presents a time-recursive dynamic CGE 
model of the Chinese economy. Chapter 6 deals with some essential work done 
for empirical application of the CGE model. Chapter 7 analyses the economy-
wide impacts of alternative carbon limits for China through counterfactual policy 
simulations, while Chapter 8 analyses the impacts of compliance with C 0 2 limits 
in China's power industry by means of a technology-oriented dynamic 
optimization model for power system expansion planning. Finally, Chapter 9 
summarizes the conclusions of this study and points out some areas where there 
is a need for further methodological and empirical work to enrich the policy 
relevance of the study. 
Analysis of the Chinese energy system: implications for future COz emissions 
At present China contributes 11% of global C 0 2 emissions. This means that 
China ranks second if the Soviet emissions are distributed over the new indepen-
dent republics. Given the global characteristics of climate change and China's 
potential importance as a source of C 0 2 emissions, advocates of controlling C 0 2 
emissions call for substantial efforts in China. However, the Chinese authorities 
have argued that China cannot be expected to make a significant contribution to 
the carbon emission problem unless China receives substantial international aid 
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for this purpose. This contrasts sharply with the wishes of proponents of control-
ling C 0 2 emissions. Chapter 3 is devoted to explaining this difference in opinion 
by examining China's energy resources and their development, the Chinese 
energy consumption patterns, the achievements and remaining problems of 
electricity generation in China, China's energy conservation in an international 
perspective, historical C 0 2 emissions in China, and environmental challenges for 
the Chinese energy system. At the same time, it sheds light on the implications 
for China's future C 0 2 emissions. 
From examining these aspects, it has become clear that, driven by the 
threat of further degradation of the environment, great pressure on the severely 
congested railways, and the harmful economic effects of energy shortages, China 
is already determined to make great efforts towards energy conservation and 
enhanced energy efficiency in general, and towards using coal much more 
efficiently in particular. A number of policy measures, which have been and will 
continue to be implemented, have been outlined. They are the so-called 'no-
regrets' measures in the sense that they are taken without considering the 
greenhouse effect. These measures include increase in proportion of raw coal 
washed; retrofitting and replacement of small inefficient industrial boilers; 
substituting direct burning of coal by electricity through development of large-
size, high-temperature and high-pressure efficient coal-fired power plants; 
speeding up hydropower exploitation; popularizing domestic use of coal briquette; 
increased penetration of town gas into urban households; expanding district 
heating systems; and relaxing restrictions on energy trade. Moreover, success in 
the implementation of these measures will largely depend on the extent to which 
a reform of China's energy pricing will be carried out. With respect to reducing 
C 0 2 emissions, because the 'regrets' policies are often costly, 'getting prices 
right' and implementing these 'no-regrets' actions above should have priority 
over the imposition of a carbon tax. This suggests that the implementation of 
these measures will be accelerated if curbing global C 0 2 emissions requires 
special action on China's part. 
While China makes such drastic efforts, fundamental reform of aid and 
loan practices also needs to be undertaken in the industrialized countries, so that 
bilateral and multilateral assistance be channelled less towards expanding energy 
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supplies and. more towards promoting energy efficiency improvements, thus 
reducing C 0 2 emissions. Related to this, joint implementation projects for 
increased energy efficiency should be encouraged. 
Macroeconomic analysis of C0 2 emission limits for China 
Given that China is the world's most populous country and largest coal producer 
and consumer, its coal-dominated energy structure and carbon-intensive economy, 
and that carbon dioxide is the greatest contributor to global warming, its eco-
nomic development and the resulting C 0 2 emissions are of great concern. 
Chapter 4 argues that a CGE approach is generally considered an appropriate tool 
for analysing the economic impacts of limiting C 0 2 emissions. 
For this purpose, a time-recursive dynamic CGE model of the Chinese 
economy has been developed. This model includes ten production sectors, 
distinguishes four energy inputs, and is made up of nine blocks. Moreover, the 
CGE model highlights the relationships between economic activity, energy con-
sumption and C 0 2 emissions. Thus, the model makes it possible to analyse the 
Chinese economy-energy-environment system interactions simultaneously, at both 
sectoral and macroeconomic levels. The model is also able to calculate the 
welfare impacts of carbon abatement policies. Furthermore, the CGE model 
incorporates an explicit tax system. This makes it suitable for estimating the 
'double dividend' from the imposition of a carbon tax that is incorporated as a 
cost-effective means of limiting C 0 2 emissions. Finally, the model is solved 
directly with a numerical solution technique included in GAMS. 
Using this CGE model, a baseline scenario for the Chinese economy has 
first been developed under a set of assumptions about the exogenous variables. 
Counterfactual policy simulations have then been carried out to compute the 
macroeconomic implications of two less restrictive scenarios, under which 
China's C 0 2 emissions in 2010 will be cut by 20% and 30% respectively relative 
to the baseline, and to determine the efficiency improvement of four indirect tax 
offset scenarios relative to the tax retention scenarios. Finally, a comparison with 
other studies for China has been made. The following conclusions can be drawn. 
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First, a rapid growth of the Chinese economy will take place until the 
year 2010. Consequently, this will lead to increased energy consumption and 
hence C 0 2 emissions, despite substantial energy efficiency improvement. Second, 
large reductions in carbon emissions can only be achieved by ever-larger 
increases in carbon taxes and hence prices of fossil fuels. Third, the associated 
GNP and welfare losses tend to rise more sharply as the degree of the carbon 
emission reduction increases. Fourth, although aggregate gross production tends 
to decrease at an increasing rate as the carbon dioxide emission target becomes 
more stringent, changes in gross production vary significantly among sectors in 
both absolute and relative terms. This suggests that special attention should be 
paid to the sectoral implications when designing a domestic carbon tax. Fifth, 
although a change in level and structure of economic activity and a change in 
direct energy consumption by households play a role in reducing total energy 
consumption, lower energy input coefficients contribute to the bulk of energy 
reduction and hence C 0 2 emissions. Sixth, the negative impacts of carbon taxes 
on GNP and welfare would be reduced if the carbon tax revenues were used to 
offset reductions in indirect taxes. Moreover, it would become more worthwhile 
to lower indirect taxes as the target of C 0 2 emissions becomes more stringent. 
Seventh, our estimates of the reduction in GNP growth are higher than those by 
GLOBAL 2100 and GREEN in order to achieve the same reductions in C 0 2 
emissions relative to the baseline. Moreover, the carbon taxes required in China 
are much lower than those for both the industrialized countries and the world 
average. This suggests that the joint implementation mechanism as a preliminary 
step towards a global regime of tradeable carbon permits should be considered a 
means of reducing global C 0 2 emissions effectively. 
Cost-effective analysis of carbon abatement options in China's electricity 
sector 
Chapter 8 attempts to shed light on technological aspects of carbon abatement in 
China's power industry and is thus devoted to satisfying electricity planning 
requirements. To that end, a technology-oriented optimization model for power 
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system expansion planning has been developed. This model has been adapted 
from the MARKAL model. It chooses the niinimization of discounted cost over 
the entire planning horizon as its objective function and incorporates a number of 
power-related constraints adopted by MARKAL. In the power plarining model, 
15 types of power plants are represented in terms of their technical, economic 
and environmental parameters. The model allows for substitution from high-
carbon fossil fuels and technologies towards low-carbon and carbon-free counter-
parts and for interactions between periods to cope with carbon limits. 
Using the power planning model, a comparison of the 15 types of power 
plants considered has been made in terms of both the levelized cost of generation 
and the marginal cost of C 0 2 reduction at a 10% discount rate. Driven by the 
baseline electricity demands that are estimated by the CGE model, the model has 
then been used to develop a baseline scenario for China's electricity supply and 
to analyse the impacts of compliance with C 0 2 limits in the power industry. The 
main findings are as follows. 
First, large coal-fired plants and hydroelectric plants should be given 
priority in future electricity plarrning. Thus, efforts should be directed towards 
expanding domestic capacity for manufacturing large units, mobilizing the 
necessary large investment resources, and towards resolving the disappointing 
performance of domestically-produced large units. 
Second, a rapid growth of China's power industry will take place until the 
year 2010. Accordingly, capital investment in the industry as a share of GNP is 
calculated to go up from the current level. Given that coal-fired power plants still 
predominate, the amount of coal consumed for electricity generation accordingly 
grows rapidly, thus increasing its share in total coal consumption. This will lead 
to an increase in C 0 2 emissions within the power sector itself, although the 
decreasing direct use of coal will alleviate the environmental impacts of coal use 
as a whole. Moreover, it has been shown that more large units are expected to be 
put into operation during the period under consideration compared with the 
current composition of plants. This will bring the average gross coal consumption 
of coal-fired plants down. Besides, the calculations show that nuclear power 
begins to make a useful contribution to China's electricity supply, although there 
is little prospect of dramatic increases until the year 2010. 
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Third, compliance with carbon limits in the electricity sector requires 
accelerated expansion of hydroelectric power and nuclear power. This finding is 
in line with the government investment priority, which has been set with aims to 
reduce pressure on transportation and air pollution, but without considering the 
greenhouse effect. This suggests that the development of hydroelectric power and 
nuclear power needs to be accelerated in China if curbing C 0 2 emissions is taken 
into account. This provides a precondition for developing joint implementation 
projects in China's electricity sector. In practice, however, to make these projects 
operational will depend on the far-reaching negotiations for joint implementation 
mechanism. 
NEDERLANDSE SAMENVATTING 
Deze studie is de eerste systematische en uitvoerige poging die gaat over de 
economische implicaties van de vermindering van kooldioxide-emissies (C0 2 ) 
voor de Chinese economie gezien in het licht van economische gevolgen van 
klimaatverandering. Dit proefschrift is het resultaat van deze studie en bestaat uit 
negen hoofdstukken. Na een korte inleiding worden in hoofdstuk 2 enige econo-
mische aspecten van klimaatverandering besproken.ter voorbereiding van de case-
study voor C 0 2 emissie in China. In hoofdstuk 3 wordt het Chinese energiesys-
teem binnen de C 0 2 context geanalyseerd. In hoofdstuk 4 worden alternatieve 
economische modelbenaderingen voor kostemamingen met betrekking tot 
vermindering van C 0 2 emissie besproken. Het doel is de motivering duidelijk te 
maken voor de keuze van een "toegepaste algemene evenwichtsbenadering" (in 
het Engels aangeduid als 'computable general equilibrium (CGE) approach') voor 
de macro-economische analyse van de beperkingen op C 0 2 emissie en het 
koppelen van een algemeen evenwichtsmodel aan een energieplanningsmodel van 
de Chinese elektriciteitssector. In hoofdstuk 5 wordt een zogenaamd "time-
recursive" dynamisch CGE model van de Chinese economie gepresenteerd. In 
hoofdstuk 6 wordt ingegaan op noodzakelijk werk uitgevoerd voor de empirische 
toepassing van het CGE model. In hoofdstuk 7 worden de gevolgen geanalyseerd 
van alternatieve beperkingen voor de Chinese economie door middel van beleids-
imulaties. In hoofdstuk 8 wordt een analyse gepresenteerd van de gevolgen van 
naleving van de C 0 2 beperkingen in China's elektriciteitsindustrie door middel 
van een technologisch-georiënteerd dynamisch optimalisatiemodel voor de 
planning van de uitbreiding van het energiesysteem. Tot slot worden in hoofdstuk 
9 de conclusies van deze studie samengevat en enige gebieden aangegeven voor 
verder methodologisch en empirisch onderzoek om de beleidsrelevantie van deze 
studie te verhogen. 
Analyse van het Chinese energiesysteem: implicaties voor toekomstige C0 2 
emissie 
Momenteel is China verantwoordelijk voor 11% van de totale C 0 2 emissie in de 
wereld. Dit betekent dat China wat dit betreft het tweede land ter wereld is, 
althans wanneer de emissie in de voormalige Sovjet Unie over de nieuwe 
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onafhankelijke republieken wordt verdeeld. Gegeven de mondiale karakteristieken 
van klimaatverandering en het potentiële belang van China als een bron van C 0 2 
emissie, achten pleitbezorgers van het beperken van C 0 2 emissie belangrijke 
inspanningen in China wenselijk. De Chinese autoriteiten argumenteren echter dat 
geen belangrijke bijdrage aan het probleem van de koolstof emissie van China 
kan worden verwacht, tenzij China hiervoor substantiële internationale steun 
ontvangt. Dit is in scherpe tegenspraak met de wensen van voorstanders van het 
beperken van C 0 2 emissie. Hoofdstuk 3 is gewijd aan dit verschil in inzicht door 
middel van het onderzoeken van China's energiebronnen en hun ontwikkeling, het 
Chinese energieverbruikspatroon, de behaalde successen en de resterende proble-
men met betrekking tot elektriciteitsopwekking in China. Ook wordt aandacht 
besteed aan de duurzaamheid van China's energiesysteem in internationaal 
perspectief, de historische C 0 2 emissie in China en de milieu-uitdagingen voor 
het Chinese energiesysteem. Tegelijkertijd werpt het licht op de implicaties voor 
China's toekomstige C 0 2 emissie. 
Uit onderzoek van deze aspecten komt naar voren dat, mede geleid door 
de dreiging van verdere afbraak van het milieu, de grote druk op de overbelaste 
spoorwegen en de schadelijke economische effekten van energietekorten, China 
reeds heeft besloten grote inspanningen te leveren met betrekking tot duurzame 
energie en verbeterde efficiëntie van de energie in het algemeen, en tot het veel 
efficiëntere gebruik van steenkool in het bijzonder. Een aantal beleidsmaatrege-
len, die reeds zijn en worden geïmplementeerd, is al door de Chinese overheid 
genomen. Dit zijn de zogenaamde "no-regrets "-maatregelen in de zin van dat ze 
genomen zijn zonder het broeikaseffekt er bij in beschouwing te nemen. Deze 
maatregelen bevatten een toename van het gebruik van gezuiverde ruwe steen-
kool; het renoveren en vervangen van kleine inefficiënte industriële systemen 
voor warmwatervoorziening; vervanging van de direkte verbranding van steen-
kool door elektriciteit door middel van de ontwikkeling van grote, efficiënte 
hoge-temperatuur en hogedruk, kolengestookte energiecentrales; versnellen van 
de exploitatie van waterkracht; stimuleren van huishoudelijk gebruik van briket-
ten; verhoogde penetratie van stadsgas in stedelijke huishoudens; uitbreiding van 
stadsverwarmingssystemen; en verminderde restricties op energiehandel. Het 
succes in de implementatie van deze maatregelen zal in belangrijke mate afhangen 
van de mate waarin een hervorming van China's prijssysteem voor energie zal 
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worden uitgevoerd. Met betrekking tot een vermindering van C 0 2 emissie, en 
omdat het "regrets" beleid meestal duur is, verdient het hanteren van "correcte 
prijzen" en het implementeren van de bovenstaande "no-regrets"-beleidsmaatre-
gelen de voorkeur boven het instellen van een C 0 2 belasting, daarmee aangevend 
dat de implementatie van deze maatregelen versneld zal worden als beteugeling 
van de C 0 2 emissie in de wereld speciale actie verlangt van China. 
Terwijl China zulke drastische inspanningen levert, is er ook fundamentele 
hervorming van het hulp- en leningbeleid van de geïndustrialiseerde landen nodig. 
De bi- en multilaterale steun zou minder richting uitbreiding van het energie 
aanbod moeten gaan en meer richting het stimuleren van een verhoogde effici-
ëntie van het energiegebruik, teneinde de C 0 2 emissie te verminderen. Hieraan 
gerelateerd zouden de "gezamenlijke uitvoeringsprojecten" (joint implementation 
projects) voor verhoogde efficiëntie van het energiegebruik moeten worden gesti-
muleerd. 
Macro-economische analyse van beperkingen op C0 2 emissie voor China 
De economische ontwikkelingen en de resulterende C 0 2 emissie in China zijn een 
grote zorg omdat China het land is met de meeste inwoners en de grootste 
producent en consument van steenkool is, en vanwege haar steenkool gedo-
mineerde energiestructuur en de grote koolstofintensiteit. In hoofdstuk 4 is bepleit 
dat een CGE-aanpak in het algemeen als een geschikt instrument wordt be-
schouwd om de economische effekten van beperking van C 0 2 emissie te analyse-
ren. 
Voor dit doel is een "time-recursive" dynamisch CGE-model van de 
Chinese economie ontwikkeld. Dit model omvat tien produktiesectoren, onder-
scheidt vier soorten energie-input en bestaat uit negen blokken. Bovendien belicht 
het CGE-model de relaties tussen economische aktiviteit, energieverbruik en C 0 2 
emissie. Het model maakt een gelijktijdige analyse mogelijk van de interacties 
tussen de economie, energie- en milieusystemen in China en wel op twee ni-
veaus: op sectorniveau en macro-economisch. Het model maakt het ook mogelijk 
de welvaartseffekten van het beleid van vermindering van C 0 2 te berekenen. 
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Verder bevat het CGE-model een expliciet belastingsysteem. Dit maakt het 
geschikt voor het analyseren van de 'doublé dividend'-hypothese van een C 0 2 
heffing. Tenslotte wordt het model direkt opgelost met een numerieke oplossings-
techniek aanwezig in het software pakket GAMS. 
Met gebruik van dit CGE-model is eerst een basisscenario voor de 
Chinese economie ontwikkeld met verschillende veronderstellingen voor de 
exogene variabelen. Daarna zijn simulaties van het beleid uitgevoerd om de 
macro-economische implicaties van twee minder beperkende scenario's, waarbij 
China's C 0 2 emissie in 2010 zal zijn verminderd met respectievelijk 20 en 30 % 
in verhouding tot het basisscenario. De simulaties zijn ook uitgevoerd om de 
verhoogde efficiëntie vast te stellen van vier scenario's waarbij indirekte belastin-
gen worden verminderd ten opzichte van scenario's waarbij de indirekte belasting 
blijft bestaan. Tenslotte zijn andere studies over China vergeleken met deze 
studie. De volgende conclusies konden worden getrokken: 
Ten eerste zal, tot het jaar 2010 een snelle groei van de Chinese economie 
plaatsvinden. Dit zal leiden tot een verhoogd energieverbruik en daardoor tot C 0 2 
emissie ondanks substantiële verbetering van de efficiëntie van de energie. Ten 
tweede kunnen sterke reducties van C 0 2 emissie slechts worden bereikt door 
steeds hogere C 0 2 belasting en daarmee hogere prijzen van fossiele brandstoffen. 
Ten derde, blijken de vermindering van het BNP en van de welvaart sterker toe 
te nemen bij een grotere vermindering van de C 0 2 emissie. Ten vierde, hoewel 
de totale bruto produktie in versnelde mate lijkt te verminderen naarmate het doel 
voor C 0 2 emissie strikter wordt, is er grote variatie onder de sectoren in absoluut 
en in relatief opzicht. Dit suggereert dat er speciale aandacht moet worden 
geschonken aan de implicaties voor de sectoren bij het instellen van een binnen-
landse C 0 2 belasting. Ten vijfde, hoewel een verandering in niveau en structuur 
van de economische aktiviteit en een verandering in direkt energieverbruik door 
huishoudens een rol spelen in de vermindering van het totale energieverbruik, 
leveren lagere energie-input-coëfficiënten een bijdrage aan de vermindering van 
het energiegebruik en daardoor aan een verminderde C 0 2 emissie. Ten zesde, de 
negatieve gevolgen van een belasting op koolstof voor het BNP en de welvaart 
zouden verminderd kunnen worden als de opbrengsten van een C 0 2 belasting 
gebruikt zouden worden om de inkomsten van de indirekte belastingen te neutrali-
seren. Het zou bovendien nog zinvoller worden de indirekte belastingen te 
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verlagen naarmate het doel van de C 0 2 emissie strikter wordt. Ten zevende, onze 
schattingen van de vermindering van de groei van het BNP zijn hoger dan die in 
GLOBAL 2100 en GREEN om dezelfde verminderingen van C 0 2 emissie in 
verhouding tot het basisscenario te bewerkstelligen. De vereiste belasting voor 
China is bovendien veel hoger dan die voor de geïndustrialiseerde landen en het 
wereld gemiddelde. Dit suggereert dat de 'joint implementation' als een voorlopi-
ge stap naar een wereldwijd stelsel van verhandelbare C 0 2 emissierechten gezien 
moet worden als een manier om de emissie van C 0 2 in de wereld effektief te ver-
minderen. 
Kosten-effektieve analyse van opties voor vermindering van COz emissies in 
China's elektriciteitssector 
In hoofdstuk 8 wordt getracht licht te werpen op de technologische aspecten van 
vermindering van C 0 2 emissies in China's energie-sector en is daarom gewijd 
aan de eisen waaraan voldaan moet worden met betrekking tot planning van de 
uitbreiding van elektriciteitsopwekking. Voor dat doel is een technologisch-
georiënteerd optimalisatiemodel voor de uitbreiding van het energiesysteem 
ontwikkeld. Dit model is afgeleid van het MARKAL model. Het nünimaliseert de 
gedisconteerde kosten over de totale planninghorizon en omvat een aantal aan 
energie gerelateerde beperkingen die in MARKAL voorkomen. In het energie-
planningsmodel zijn de technische, economische en milieuparameters voor 15 
typen energiecentrales opgenomen. Het model voorziet in substitutie van fossiele 
brandstoffen en technologieën met een hoog koolstofgehalte door koolstofvrij e 
alternatieven of alternatieven met een lager gehalte. 
Met het energieplanningmodel is een vergelijking gemaakt van de 15 
onderzochte electriciteitscentrales in termen van genivelleerde kosten van 
opwekking en de marginale kosten van C 0 2 vermindering tegen een 10% 
disconteringspercentage. Gestuurd door de basisvraag naar elektriciteit die wordt 
geraamd door het CGE-model, is het model daarna gebruikt om een basisscenario 
te ontwikkelen voor China's elektriciteitsvoorziening en om de gevolgen voor de 
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energiesector te analyseren wanneer aan de eisen van C 0 2 beperking wordt 
voldaan. De belangrijkste resultaten zijn als volgt: 
Ten eerste, aan grote kolengestookte en waterkrachtcentrales moet 
prioriteit worden gegeven in de toekomstige planning van elektriciteit. Dus 
inspanningen moeten worden gericht op uitbreiding van de binnenlandse capaciteit 
om grote units te bouwen, op het mobiliseren van de nodige grote investerings-
bronnen, en op het vinden van een oplossing voor de teleurstellende prestaties 
van in China geproduceerde grote opwekkingseenheden. 
Ten tweede, tot het jaar 2010 zal een snelle groei van China's energie-
industrie plaatsvinden. Dienovereenkomstig zullen investeringen in de industrie 
als deel van het BNP omhoog gaan, gerekend vanaf het huidige niveau. Gegeven 
dat kolengestookte centrales nog steeds de boventoon voeren, zal het kolenver-
bruik voor het genereren van elektriciteit dienovereenkomstig groeien, en dus het 
aandeel van het totale kolenverbruik verhogen. Dit zal leiden tot een verhoging 
van de C 0 2 emissie in de energiesector, hoewel afnemend direkt gebruik van 
kolen de milieu-effekten in het algemeen zal verminderen. Het is bovendien 
aangetoond dat meer grote eenheden in bedrijf zullen worden gesteld in de 
onderzochte periode vergeleken met de huidige situatie. Dit zal het gemiddelde 
bruto kolenverbruik van kolengestookte centrales doen dalen. Daarnaast tonen de 
berekeningen aan dat kernenergie een nuttige bijdrage begint te leveren aan 
China's energie aanbod, hoewel er weinig vooruitzicht is op een omvangrijke 
toename tot het jaar 2010. 
Ten derde, het voldoen aan de limieten voor C 0 2 emissie in de elektri-
citeitssector vereist versnelde uitbreiding van waterkracht en kernenergie. Deze 
conclusie komt overeen met de investeringsprioriteit van de regering, welke was 
gesteld om de druk op transport en luchtvervuiling te verminderen, maar zonder 
het broeikaseffekt in aanmerking te nemen. Dit suggereert dat de ontwikkeling 
van waterkracht en kernenergie in China versneld dient te worden als tevens het 
terugdringen van C 0 2 emissie in aanmerking wordt genomen. Dit schept een 
voorwaarde om 'joint implementation' projecten in China's elektriciteitssector te 
ontwikkelen. In de praktijk echter zal het operationeel maken van deze projekten 
afhangen van verstrekkende onderhandelingen dienaangaande. 
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